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In  this  work,  three  types  of  dual-band  /r-type  quantum  well  infrared  photodetectors 
(QWIPs)  have  been  developed  for  3 - 5 pm  mid-wavelength  infrared  (MWIR)  and  8-14 
pm  long-wavelength  infrared  (LWIR)  detection.  In  addition,  three  different  voltage- 
tunable  multicolor  triple-coupled  (TC)  QWIPs  using  lightly  strain  InGaAs/GaAs/AlGaAs 
and  high-strain  InGaAs/AlGaAs/InGaAs  material  systems  have  been  developed  for  the 
LWIR  detection. 

We  demonstrated  a new  voltage-tunable  multicolor  triple-coupled  quantum  well 
infrared  photodetector  (TC-QWIP)  for  LWIR  detection.  Using  quantum  confined  Stark 
shift  effect,  the  wavelengths  tunability  of  two  QWIPs  by  changing  applied  bias  voltage  is 
demonstrated  in  the  wavelength  range  of  8.2  - 9.1  pm  and  10.8  - 1 1.5  pm. 

A high-strain  two-stack,  two-color  QWIP  has  been  demonstrated  with  high 
performance.  The  device  has  35  % of  indium  in  the  QW  of  the  MWIR  stack  which 
produces  high  in-plane  compressive  strain.  The  detection  peak  wavelengths  are  at  4.3  pm 
and  9.6  pm  and  the  corresponding  maximum  responsivities  are  0.65  A/W  and  0.55  A/W 
for  the  MWIR  and  LWIR  stacks,  respectively,  with  45°  light  incidence.  Normal  incidence 
without  grating  coupling  also  achieved  responsivity  of  0.25  A/W  for  either  stack. 


v 


Characterizations  of  a two-stack  indirect-barrier/triple-coupled  (IB/TC)-QWIP,  with 
two  different  doping  densities  (Nd  = 5xl017  cm'3  and  lxlO18  cm'3)  and  different  quantum 
well  (QW)  periods  (20  and  40  periods),  have  been  performed  to  study  their  effects  on  the 
performance  of  these  devices.  The  responsivity  of  the  MWIR  IB-QWIPs  was  found  to 
increase  with  increasing  doping  density,  while  for  LWIR  TC-QWIPs  the  responsivity  was 
found  to  be  independent  of  the  doping  density.  Study  of  the  effect  of  the  QW  periods 
revealed  that  the  responsivity  of  the  20-period  stacked-QWIPs  is  better  than  those  of  the 
40-period  stacked-QWIPs.  The  two-stack  IB/TC-QWIPs  reported  here  maybe  used  to 
detect  simultaneously  two  colors  in  the  MWIR  and  LWIR  bands  at  the  same  bias  voltage. 
It  can  also  be  used  as  a voltage  tunable  (PV  and  PC  mode  operation)  two-  or  three-color 
QWIP  for  MWIR  and  LWIR  dual  band  detection. 

Finally,  we  demonstrated  a very  high  performance  TC-QWIP  using  high-strain 
(HS-)  n-type  Ino^Gao^As/Alo^Gao^As/Ino^GaoggAs  asymmetrical  triple-coupled 
quantum  well  structure  for  8 - 14  pm  LWIR  detection.  The  maximum  detectivities  at  Xp 
- 9.8  pm  were  found  to  be  1.44x10'°  cm-HzYW  and  2.93x1 010  cm-Hz'VW,  at  Vh  = -2.6  V 
and  -4.5  V and  T-  77  K for  the  5-  and  10-period  devices,  respectively.  It  is  shown  that 
this  HS  TC-QWIP  can  be  used  as  a voltage-tunable  two-color  or  multicolor  QWIP  for 
lower  background  LWIR  detection. 
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CHAPTER  1 
INTRODUCTION 


Visible  photons  emitted  by  sun  provide  the  most  important  source  of  radiation  on 
earth,  while  the  infrared  (IR)  radiation  is  the  second  most  intensive  radiation  source. 
Infrared  photodetectors  have  been  extensively  investigated  in  the  past  century  [1],  In 
general,  the  infrared  detectors  can  be  classified  as  photon  detectors  and  thermal  detectors. 
In  the  first  category,  photons  interact  directly  with  the  charge  carriers  in  a material  to 
generate  a photocurrent.  In  the  second  category,  it  is  characterized  by  the  changes  in 
certain  properties  of  a material  due  to  a change  in  temperature  arising  from  absorption  of 
the  infrared  radiation. 

An  infrared  detector  can  be  operating  either  in  photovoltaic  (PV)  or 
photoconductive  (PC)  mode.  In  the  PV  mode  detection,  the  device  can  be  operated  under 
zero  bias  condition  while  in  PC  mode  detection  a bias  voltage  has  to  be  applied  to  the 
detector  in  order  to  get  a photosignal.  Most  of  the  quantum  well  infrared  photodetectors 
(QWIPs)  are  operating  in  PC  mode  detection,  while  HgCdTe  (MCT)  IR  detectors  are 
operating  in  PV  mode  detection. 

The  advent  of  epitaxial  layer  growth  techniques  such  as  Molecular  Beam  Epitaxy 
(MBE)  [2]  and  Metalorganic  Chemical  Vapor  Deposition  (MOCVD)  has  made  it  possible 
to  grow  a wide  variety  of  novel  semiconductor  heterostructures.  Significant  progress  has 
been  made  in  quantum  wells  and  superlattice  optoelectronic  devices  using  these  growth 
techniques.  The  quantum  well  is  formed  by  using  a thin  layer  (less  than  de  Broglie 
wavelength)  of  narrow  bandgap  semiconductor  sandwiched  between  the  thin  wider 
bandgap  semiconductor  barrier  layers.  The  motion  of  the  carriers  perpendicular  to  the 
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layers  becomes  quantized  so  that  localized  two-dimensional  (2-D)  subbands  of  quantized 
states  are  formed  inside  the  quantum  well  [3]. 

The  early  proposals  of  using  optical  intersubband  transitions  in  quantum  wells  for 
infrared  detection  were  made  by  Chang  et  al.  [4],  Esaki  and  Sakaki  [5],  and  Coon  and 
Karunasiri  [6].  The  first  experimental  observations  of  the  intersubband  absorption  in 
GaAs  quantum  wells  were  made  by  West  and  Eglash  [7]  and  then  by  Harwit  and  Harris 
[8].  The  first  GaAs  quantum  well  infrared  photodetector  (QWIP)  demonstration  was 
made  by  Levine  et  al.  [9]  in  1987.  Since  then,  QWIPs  based  on  bound-to-bound  (BTB), 
bound-to-continuum  (BTC)  [10],  and  bound-to-miniband  (BTM)  [11]  transitions  have 
been  widely  investigated  for  the  3 - 5 pm  mid- wavelength  infrared  (MWIR)  and  8-14 
pm  long- wavelength  infrared  (LWIR)  detection  in  the  past  ten  years  [12]. 

Recently,  there  is  a considerable  interest  in  the  development  of  voltage-tunable 
multicolor  QWIPs  [13-20].  Figure  1.1  shows  the  schematic  energy  band  diagrams  of  n- 
type  QWIPs.  Figure  1.2  shows  the  schematic  energy  band  diagrams  of p- type  QWIPs  and 
Fig.  1.3  shows  those  of  n-type  multicolor  QWIPs.  Due  to  the  evolving  requirements  of 
future  space  surveillance  systems,  focal  plane  array  (FPA)  configurations  and 
specifications  are  changing.  The  3-5  pm  MWIR  spectral  region  is  of  particular  interest 
as  the  cool  targets  such  as  reentry  vehicles  with  greybody  signatures  that  peak  in  this 
wavelength  band.  A dual-color  FPA  in  the  3 -5  pm  MWIR  and  8 -14  pm  LWIR  bands 
with  colocated  pixels  simplifies  the  infrared  electro-optical  sensor  design  and  fabrication. 
Optical  devices  to  split  the  beam  and  carefully  alignment  of  the  two-color  FPAs  are  not 
required,  and  the  signal  processing  is  also  simplified.  Detectors  sensitive  in  the 
aforementioned  spectral  bands  are  of  particular  interest  to  researchers  who  are  developing 
ultra-low  loss  communication  systems,  remote  and  land  based  astronomical  telescopes, 
seeking  and  tracking  systems,  spaceborne  surveillance  radars,  medical  diagnosis  and 
evaluations,  and  environmental  mapping  and  detection.  Development  of  an  infrared 
photodetector  FPA  for  staring  image  sensor  applications  in  both  MWIR  and  LWIR 
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spectral  bands  on  the  same  chip  is  a very  important  step  in  meeting  the  needs  and 
technological  challenges  of  future  infrared  imaging  applications;  which  include  the 
forward  looking  infrared  (FLIR)  systems,  space  exploration  and  sensing  systems,  medical 
imaging,  and  basic  scientific  research  [11].  Currently  available  Schottky  barrier  PtSi 
staring  FPAs  are  being  used  in  the  3 - 5 pm  MWIR  imaging  applications,  while  the  8 - 
14  pm  LWIR  band  utilizes  HgCdTe  (MCT)  hybrid  staring  FPAs.  Because  of  MCT's 
volatility,  high  dislocation  density,  small  wafer  size,  the  large  difference  in  the  thermal 
expansion  coefficients  between  the  MCT  FPA  and  the  Si  based  readout  circuits,  and 
difficulties  in  the  processing  of  MCT,  progress  has  been  slow  in  the  development  of  high 
uniform,  large  area,  and  low  cost  MCT  FPAs  for  LWIR  applications.  Therefore,  the  main 
motivation  in  this  research  is  to  develop  a highly  sensitive  multicolor  III-V  QWIP  for 
FPAs  and  other  IR  image  sensor  applications. 

In  chapter  2,  we  describe  the  fundamental  device  physics  of  the  quantum  well 
infrared  photodetectors:  (1)  calculations  of  the  electronic  states  in  quantum  well  using  the 
transfer  matrix  method  (TMM),  (2)  calculations  of  the  energy  bandgap  for  a strained- 
layer,  (3)  description  of  the  basic  theory  of  the  intersubband  transition,  and  (4)  discussing 
how  to  evaluate  the  performance  of  QWIPs. 

Chapter  3 presents  a new  two-color  stacked  GaAs/AlAs/AlGaAs  and  GaAs/AlGaAs 
QWIP  with  PV  and  PC  dual-mode  operation  for  the  3 - 5 pm  MWIR  and  8 - 14  pm 
LWIR  detection.  The  PV  responsivity  of  the  MWIR-QWIP  was  found  to  be  68  % of  the 
PC  responsivity,  demonstrating  the  ability  for  an  efficient  PV  mode  operation  at  3 - 5 pm 
MWIR  band. 

A new  voltage-tunable  multicolor  triple-coupled  (TC-)  QWIP  is  depicted  in  chapter 
4.  Using  quantum  confined  Stark  shift  effect,  the  wavelength  tunability  by  the  applied 
bias  voltage  in  the  wavelength  range  of  8.2  - 9.1  pm  and  10.8  - 11.5  pm  are 
demonstrated  for  QWIP-  A and  B,  respectively. 
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Chapter  5 describes  a high-strain  two-stack  InGaAs/GaAs/AlGaAs  MWIR  and 
GaAs/AlGaAs  LWIR  QWIP.  The  device  use  a 35  % of  indium  in  the  quantum  well  of  the 
MWIR  stack  which  produces  a high  in-plane  compressive  strain  and  also  enhances  the 
responsivity  of  the  MWIR  stack.  Normal  incidence  without  grating  coupling  also 
achieved  with  a responsivity  of  0.25  A/W  for  either  stack. 

In  chapter  6,  we  investigate  the  performance  dependence  of  a two-stack  indirect- 
barrier/triple-coupled  (IB/TC-)  QWIP  on  doping  density  and  the  QW  period. 

In  chapter  7,  we  demonstrate  a very  high  performance  TC-QWIP  for  LWIR 
detection  using  high-strain  (HS)  Ino25Gao75As/Al0  ^Ga^gAs/Ino  nGao89As  material 
systems.  This  HS  TC-QWIP  shows  very  large  normal  incidence  absorption  without  using 
grating  coupler. 

Finally,  chapter  8 gives  the  summary,  conclusions,  and  recommendations  for  future 
research. 
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(a)  BTC  N-QWIP  (Levine  et  al.  [9]) 


(b)  BTQB  N-QWIP  (Gunapala  et  al.  [60]) 


(c)  BTM  N-QWIP  (Yu  et  al.  [71]) 


Figure  1.1.  Schematic  energy  band  diagram  of  n-type  QWIPs. 
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(a)  TSL  P-QWIP  (Wang  et  al.  [33]) 


HH3 


(b)  CSL  P-QWIP  (Wang  et  al.  [34]) 


HH4 


(c)  SBTM  P-QWIP  (Chu  et  al.  [35]) 


Figure  1.2.  Schematic  energy  band  diagrams  of p-type  QWIPs. 
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(a)  2-Stack  2-Color  DB/BTM  QWIP  (Chap.  3) 


V n 


(b)  2-Stack  2-Color  High  Strain  QWIP  (Tidrow  et  al.  [20]  and  Chap.  5) 


(c)  Two-Coupled  QWIP 
(Tidrow  et  al.  [62]) 


(d)  Triple-Coupled  QWIP 
(Chap.  4) 


Figure  1 .3.  Schematic  energy  band  diagrams  of  «-type  multicolor  QWIPs. 


CHAPTER  2 

THEORETICAL  CONSIDERATIONS 
2.1  Introduction 

Recent  advances  in  epitaxial  layer  growth  techniques  such  as  MBE  and  MOCVD 
enable  to  grow  the  semiconductor  monolayers  with  abrupt  and  atomically  sharp 
interfaces.  QWIPs  made  of  III-V  material  systems  offer  several  advantages  over  HgCdTe 
(MCT)  detectors  on  the  following  reasons:  (1)  technologically  mature  device  fabrication 
and  materials  processing  techniques;  (2)  ease  of  crystal  growth  and  lower  cost;  (3)  a 
higher  degree  of  uniformity  which  is  of  importance  for  FPAs;  (4)  radiation  hardness;  (5) 
tunability  of  upper  cutoff  wavelengths;  and  (6)  compatible  specific  detectivity  to  that  of 
HgCdTe. 

Since  the  first  observation  of  the  intersubband  transitions  in  a GaAs  quantum  well 
[7],  rapid  progress  has  been  made  in  the  development  of  high  performance  quantum  well 
infrared  photodetectors  (QWIPs)  [12].  Theoretical  models  [3,  21]  have  been  developed  to 
understand  the  performance  limitation  [22]  and  to  achieve  the  device  optimization  [23]  of 
QWIPs  for  specific  applications.  In  this  chapter  we  describe  the  fundamental  device 
physics  of  QWIPs. 


2.2  Electronic  States  in  Quantum  Well 

It  is  well  known  that  the  quantized  states  are  formed  in  n-type  quantum  well 
structure  which  can  be  derived  from  a single  conduction  band  structure.  Within  the 
framework  of  effective  mass  approximation,  the  quantized  states  can  be  solved  from  the 
one  dimensional  ( 1 -D)  time  independent  Schrodinger  equation  which  is  given  by 
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h 2 d2 


+ V{z)Mz)  = Ellt t>„(z) 


(2.1) 


2w*  c/z2 

where  h=  h/( 2n),  h is  Planck’s  constant,  m is  the  effective  mass  of  electron,  V(z)  is  the 
potential  function,  <(>„  is  the  wave  function  of  electron,  and  E„  is  the  energy  level.  Using  the 
Kronig-Penney  model,  the  envelope  wavefunction  <j>„  can  be  written  as  [24] 


<t>„00  = 


f O' 

f O 

C,  cos 

Iz~tJ 

+ C2  sin 

Iz_tJ 

C3  cos 


f 

V' 

f O 

z + 

+ C,  sin 

kb 

z + ^f 

V 

2 > 

4 

\ 2 ) 

, in  the  well 


, in  the  barrier 


(2.2) 


where 
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(2.3) 
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(2.4) 


and  CM  are  constants  which  depend  on  boundary  conditions  and  subband  index  parity, 
Vwh  are  conduction  band  minima  for  the  well  and  barrier  layers,  Lw  and  Lb  are  the  width 
for  the  well  and  barrier  layers,  respectively. 

Bastard  [25]  has  shown  that,  in  the  parabolic  band  approximation,  the  dispersion 
relation  for  the  unbound  states  is 


cos[fc.(lw  + 4)]  = cos(A:wZJcos(£azJ-|  l + sin^ljsin^lj  (2.5) 

with  ZD=m'bkw  / m\kb  and  k,  defines  the  superlattice  wavevector.  The  dispersion  relation 
for  the  bound  states  is  still  valid  if  one  substitutes  kh  by  iKh  and  £,  by  -/£'  with  £/ 
= mbkw/mwkb, 


1 / 1 \ 

cos[*-  {K  + Lb )]  = cos (kw  Lv ) cosh(KA  Lb ) - - - £ j sin (kwLw ) sinh(K/i  Lb ) (2.6) 


The  energy  level  of  the  bound  states  can  then  be  solved  from  the  above  equations. 
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To  solve  the  Schrodinger  equation  with  an  arbitrary  potential  function,  many 
different  approaches  have  been  used  [26-29]  such  as  WKB  approximation,  Monte  Carlo 
simulation,  and  variational  method.  Recently,  the  transfer  matrix  method  (TMM)  [1 1]  has 
been  developed  to  solve  this  problem  faster  than  the  other  methods  and  shown  to  obtain 
the  same  results.  Let  us  consider  the  multiple  quantum  well  structure  which  consists  of  a 
narrow-bandgap  quantum  well  sandwiched  between  two  wider  bandgap  barrier  layers  as 
shown  in  Fig.  2.1.  The  solution  of  the  Schrodinger  equation  in  each  of  the  multiple 
quantum-well  and  barrier  regions  consists  of  two  components  propagating  in  forward  and 
backward  directions,  respectively.  The  total  wavefunctions  can  be  written  as 

4>,  = A,+e-iA‘  e'K:  + 4 VA' (2.7) 


where 


A,  = A2  = 0, 

A,.  = k,(d2  + </3 +•••+</,_,);  i = 3,4 and 


(2.8) 


(2.9) 


where  A*  and  Aj  represent  the  magnitudes  of  the  particle  wave  functions  propagating 
along  the  +z  and  -z  directions,  respectively,  and  N is  the  total  number  of  layer  regions. 
Since  <)>  and  d$/dz  are  continuous  at  the  boundaries,  we  obtain 


e^A^+r/t’Ar, 
' ~ t. 


r r^A^+e^A-, 


here  the  recurrence  relation  may  be  written  in  matrix  form 
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Since  there  is  no  backward  propagating  component  in  the  last  medium,  i.e.  AN  = 0 , one 
can  find  A+ (j  = 2,3,---,N)  in  term  of  A\ , where  j represents  the  layer  region  to  be 

investigated.  The  transmission  coefficient  Tx  is  then  given  by  | A+N  / A[  |2 . If  we  calculate 
the  transmission  coefficient  as  a function  of  E,  then  we  can  obtain  certain  resonance 
peaks.  It  can  be  shown  that  the  resonance  curve  is  Lorentzians  distribution  which 
corresponds  to  each  bound  state  and  quasi-bound  state  of  the  form 


t : = 


a; 


a; 


t„(  r/2)2 


(E-Epy+(  r/2)2 


(2.15) 


where  Ep  is  the  energy  of  the  resonance  peak,  and  T is  the  full  width  at  half  maximum 
(FWHM).  Due  to  heavily  doped  quantum  well  in  /?-type  QWIPs,  there  are  some  extra 
terms  that  should  be  included  in  calculations  of  electron  states,  such  as  electron-electron 
intrasubband  exchange  and  direct  Coulomb  interaction  energies,  depolarization  effect, 
and  exciton-like  shifts  [30].  Of  these  terms,  the  effect  due  to  the  electron-electron 
intrasubband  exchange  energy  is  dominated  within  the  doping  density  from  5xl016  cm'3 
to  3xl018  cm'5.  Bandara  et  al.  [31]  first  presented  experimental  evidence  for  an  exchange- 
induced  shift  in  the  peak  response  of  QWIP.  The  exchange  interaction  term  associated 
with  an  electron  in  the  ground  state  due  to  all  other  electrons  in  the  subband  can  be 
written  as  [32] 
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(2.16) 


where  kx  =7 1 / Lw,  kh  =2nu  1/1 , e is  the  dielectric  constant,  a = LwNd  is  the  two- 
dimensional  electron  density  in  the  quantum  well,  and  Nd  is  the  doping  density  in  the 
quantum  well. 


Recently,  there  has  been  a considerable  interest  in  the  development  of  strained-layer 
QWIPs  [33-37].  Strained-layer  heterostructures  allow  the  use  of  lattice-mismatched 
materials  without  the  generation  of  misfit  dislocations  if  the  layer  thickness  is  less  than 


the  choice  of  compatible  materials  and  greatly  increases  the  ability  to  control  the 
electronic  and  optical  properties  of  the  strained-layer  structures. 

Strain  effects  induced  by  lattice-mismatch  will  modify  the  energy  band  structure. 
From  the  elasticity  theory  [39],  the  biaxial  strain  can  be  divided  into  two  independent 
components:  one  is  isotropic  or  hydrostatic  component  and  the  other  is  anisotropic  or 
shear  uniaxial  component.  The  strain-induced  energy  shifts,  A Rn  due  to  the  hydrostatic 
component  and  AE,,  due  to  the  shear  uniaxial  component,  can  be  expressed,  respectively, 
by  [40] 


2.3  Strain  Effects  on  the  Energy  Bandgap 


the  critical  thickness  [38].  This  freedom  from  the  need  for  precise  lattice  matching  widens 


(2.17) 


where  Vcd  and  Vsd  are  the  conduction-band  deformation  potential  and  shear  deformation 
potential,  respectively,  Cu  are  the  elastic  constants,  and  5„  is  the  lattice-mismatch  strain, 
= (fl,  - fl)/fl  where  as  and  a are  the  lattice  constants  of  the  substrate  and  the  strained- 
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layer,  respectively.  The  energy  bandgaps  due  to  the  strain  for  the  heavy-hole  and  light- 
hole  states  at  k = 0 are  given  by  [40] 


=(£;)j+A£w-A£,„ 

(<•“),  =K"),+A£„+A£„-^-+... 


(2.18) 


where  (£°)s  is  the  unstrained  bandgap  and  A„  is  the  spin-orbit  splitting  energy.  The 

bandoffsets  of  the  conduction  and  valence  band  of  the  heterostructure  can  be  calculated 
by 


AE(.  = Q(AEg, 

AEv=QyAEg  (2'19) 

where  Qc  and  Q,  are  the  band  offset  ratios  of  the  conduction  and  valence  bands, 
respectively,  and  A Eg  is  the  energy  gap  discontinuity  of  the  barrier  and  well  materials. 


2.4  Intersubband  Transition 

For  intersubband  absorption,  doping  is  very  important  to  provide  the  carriers  for  the 
ground  state  in  the  quantum  well.  Quantum  confinement  of  carriers  in  a semiconductor 
quantum  well  leads  to  the  formation  of  quantized  energy  levels  and  the  drastic  change  of 
optical  absorption  spectral.  One  of  the  most  remarkable  properties  of  these  quasi-two- 
dimensional  (2-D)  electronic  systems  is  that  the  optical  transitions  between  the  quantized 
states  are  feasible.  The  linear  intersubband  transitions  within  the  conduction  band  have 
been  studied  experimentally  without  an  electric  field  [7,  41]  and  with  an  electric  field  [8]. 
A very  large  dipole  strength  and  a narrow  band  width  were  observed.  Absorption 
coefficient  studies  are  of  great  importance  for  QWIPs  because  of  their  direct  connection 
to  the  design  of  QWIP’s  parameters  such  as  the  detecting  wavelength,  quantum 
efficiency,  and  photoresponse.  Theoretical  calculations  for  interband  [42]  and 
intersubband  transitions  [43]  in  quantum  wells  have  been  reported.  Self-consistent 
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solutions  have  also  been  used  for  multiple  quantum  wells  and  superlattice  [44,  45]  for  the 
subband  structure. 

The  linear  intersubband  absorption  coefficient  within  the  conduction  band  of  the 
quantum  well  can  be  expressed  as  [46] 


a((o)  = to. 


( 2 * 1 rj t'N 

q m kT 

K LWH  h2  y 


\M ’ x In 


1 + exp [(Eh  -En)/kT] 
U + exp  [(EF-Em)/kT]J 

(*/ 1)2 

(Em-E.-h  co)2+(fi/x)2 


(2.20) 


where  p0  is  the  permeability  in  vacuum,  e the  dielectric  constant,  Lw  the  total  quantum 
well  width,  t the  lifetime,  Eh  the  Fermi  level  of  the  system.  The  dipole  matrix  element 
M„„,  is  given  by 


= j (z)dz.  (2.21) 

J-LJ2 

The  integrated  absorption  strength  is  given  by 
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A 


and  the  dipole  oscillator  strength  is  given  by 


(2.22) 


n /v. 


The  Fermi  level  EF  can  be  calculated  from  [22] 


(2.23) 


x j m kT  ^ 
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1 + exp 
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kT 


(2.24) 


It  is  noted  that  Nd  expression  is  valid  for  summation  over  subband  levels  En  below  the 
Fermi  level  EF.  It  is  noted  from  equation  (2.21)  that  the  normal  incidence  radiation  for  n- 
type  QWIPs  will  not  be  absorbed  because  there  is  no  electric  field  component  along  the  z- 
axis.  Therefore,  both  45°  polished  facet  illumination  and  grating  coupler  [47-49]  have 
been  used  to  characterize  the  performance  of  the  n-type  QWIPs  as  shown  in  Fig.  2.2. 


15 


2.5  Performance  of  the  Quantum  Well  Infrared  Photodetectors 


Calculations  of  the  dark  current  for  a standard  QWIP  have  been  reported  by  Levine 
et  al.  [50].  Under  dark  conditions,  electrons  can  transfer  out  of  the  quantum  wells  and 
produce  the  dark  current  via  three  main  mechanisms:  thermionic  emission,  thermally 
assisted  tunneling,  and  direct  or  trap-assisted  tunneling  as  shown  in  Fig.  2.3.  In  the  low- 
field  regime  and  at  higher  temperature,  the  dark  current  is  dominated  by  the  thermionic 
emission,  which  can  be  expressed  as  [23] 


Here  p?  is  the  electron  mobility,  F is  the  electric  field,  v,  is  the  saturation  drift  velocity, 
Eco  is  the  cutoff  energy  related  to  the  cutoff  wavelength  Xc,  m*/(n  ti2)  is  the  2- 
dimensional  (2-D)  density  of  states. 

The  conventional  theory  of  photoconductivity  is  normally  employed  to  describe 
QWIPs.  The  current  responsivity  is  defined  by  the  ratio  of  the  photocurrent  to  the  input 
optical  power,  i.e. 


where  r\  (=  (1  / 2)(1  - Rf  )(1  - e mul ))  is  the  quantum  efficiency,  m is  the  number  of 

absorption  pass,  g is  the  optical  gain,  Rf  is  the  reflection  coefficient,  a is  the  absorption 
coefficient  for  the  active  QW  layers,  and  / is  the  total  thickness  of  the  active  layers.  The 
optical  gain  can  be  expressed  as  [5 1 ] 


A/  = 

where  Ad  is  the  detector  active  area,  q is  the  electron  charge,  and 


(2.25) 


(2.26) 


(2.27) 


qNqwAdLwG 


(2.28) 
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where  Id  is  the  dark  current,  Nqw  is  the  number  of  quantum  wells,  Ad  is  the  detector  area, 
L„  is  the  well  width,  and  G is  the  thermal  carrier  generation  rate  density,  which  is  given 
by 


where  Nd  is  the  doping  density,  vlh  is  the  thermal  velocity,  ctc.  is  the  cross-sectional  area  for 
electron  trapping  into  the  quantum  well  ground  state,  Nc  is  the  effective  density  of  the 
conduction  band  states,  and  Eh  is  the  barrier  height. 

Finally,  the  most  important  figure  of  merit,  the  specific  detectivity  D*,  for  IR 
detectors,  should  be  discussed.  The  non-BLIP  (Background  Limited  Performance)  peak 
detectivity  is  determined  [52]  using 


where  Rjp  is  the  peak  current  responsivity,  Ad  is  the  detector  area,  A/is  the  noise  spectral 
bandwidth,  and  /'„  is  the  overall  root-mean-square  noise  current  for  a QWIP.  The  noise 
current  consists  of  two  components:  one  is  the  device's  noise  current  ind  and  the  other  is 
the  background  photon  noise  current  i„h.  There  are  two  main  subcomponents  in  the 
device's  noise  current:  one  is  the  G-R  noise  and  the  other  is  the  Johnson  noise,  which  are 
dominated  in  the  PC  mode  and  PV  mode  detection,  respectively. 

The  BLIP  peak  detectivity  is  determined  [50]  using 


where  r\  is  the  net  quantum  efficiency,  v is  the  photon  frequency,  and  IBG  is  the  intensity 
of  the  incident  background,  which  can  be  expressed  as 


(2.29) 


(2.31) 


(2.32) 
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where  Q is  the  field  of  view  (FOV),  0 is  the  incident  angle,  X.,  and  X2  are  the  lower-bound 
and  upper-bound  wavelength  in  the  spectral  region  of  the  detector,  respectively,  and  W(k) 
is  the  blackbody  spectral  density  given  by  Planck’s  blackbody  radiation  formula 

„ c2  1 

Wfy)  = ^5  ehcMTm  _ j (2.33) 

where  c is  the  speed  of  light,  X is  the  wavelength,  h is  Planck’s  constant,  k is  Boltzman’s 
constant,  and  Tso  is  the  temperature  of  the  background. 
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Figure  2.1.  The  schematic  conduction  band  diagram  of  a multiple  quantum  well,  with 
arbitrary  well  width  and  height. 
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45°  incidence  grating  coupler 


Figure  2.2.  The  coupling  methods  for  «-type  direct  gap  QWIPs:  45°  incidence  and 
grating  coupler. 
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1.  PHOTOCURRENT:  © 

2.  DARK  CURRENT: 

©:  TUNNELING 

© : THERMALLY  ASSISTED  TUNNELING 
©:  THERMIONIC  EMISSION 


Figure  2.3.  The  photocurrent  and  dark  current  components  in  «-type  QWIPs. 


CHAPTER  3 

A GAAS/ALAS/ALGAAS  AND  GAAS/ALGAAS  STACKED  QUANTUM  WELL 

INFRARED  PHOTODETECTOR  FOR  3-5  AND  8 - 14  pm  DETECTION 

3.1  Introduction 

In  this  chapter  we  demonstrate  a new  two-color  stack  GaAs/AlAs/AlGaAs  and 
GaAs/AlGaAs  QWIP  with  PV  and  PC  dual-mode  operation  at  3 - 5 and  8-14  pm. 
Recently,  quantum  well  infrared  photodetectors  (QWIPs)  [9,  11,  53,  54]  have  been  used 
in  the  infrared  focal  plane  arrays  (FPAs)  imaging  sensor  systems  [55],  Furthermore, 
multicolor  and  voltage-tunable  QWIPs  have  been  achieved  [14,  17,  18]  using  multistack, 
asymmetric  and  symmetric  quantum  well  structures.  Most  of  the  QWIPs  are  operating  on 
the  photoconductive  (PC)  mode  detection.  However,  significant  photovoltaic  (PV)  effects 
in  the  QWIPs  have  also  been  reported  in  the  literature  [19,  56,  57].  The  PV  mode 
operation  is  promising  for  practical  applications,  since  the  suppression  of  the  dark  current 
strongly  improves  the  noise  properties.  However,  the  responsivity  of  the  PV  mode  in  a 
typical  QWIP  is  significantly  smaller  than  that  of  the  PC  mode.  Therefore,  improvement 
in  the  performance  of  PV  QWIPs  is  highly  desirable  for  using  such  detectors  in  the 
infrared  FPA  image  sensor  applications. 

3.2  Device  Growth  and  Fabrication 

The  QWIP  layer  structure  was  grown  on  a semi-insulating  (SI)  GaAs  substrate  by 
using  the  molecular  beam  epitaxy  (MBE)  technique.  This  2-color  QWIP  consists  of  a 
GaAs/AlGaAs  QWIP  for  long-wavelength  infrared  (LWIR)  detection  stacked  on  top  of 
the  GaAs/AlAs/AlGaAs  QWIP  for  mid-wavelength  infrared  (MWIR)  detection. 
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Figure  3.1  shows  the  device  structure  of  this  2-color  stacked  QWIP.  A 0.7  pm  GaAs 
buffer  layer  (doped  to  n = 2.0x1 018  cm'3)  was  first  grown  on  the  SI  GaAs  substrate  as  an 
ohmic  contact  layer,  followed  by  the  growth  of  the  first  stack,  designed  as  a MWIR- 
QWIP  with  a 20-period  of  GaAs/AlAs/AlGaAs  double  barrier  quantum  wells  (DBQW) 
[49]  with  a well  width  of  5 nm  (doped  to  n = 1.5xl018  cm'3)  and  two  undoped  barriers 
which  were  of  1.4  nm  AlAs  inner  barrier  and  30  nm  Al^Ga^As  outer  barrier.  A second 
GaAs  buffer  layer  of  0.5-pm  thick  (doped  to  n = 2.0x1  O'8  cm'3)  was  then  grown  on  top 
of  the  first  QWIP  as  an  ohmic  contact  layer,  followed  by  the  growth  of  the  second  stack, 
designed  as  a LWIR-QWIP,  with  a 21 -period  of  GaAs/AlGaAs  quantum  wells  with  a 
well  width  of  8.8  nm  and  a dopant  density  of  1.5x1 018  cm'3.  The  barrier  layer  on  each  side 
of  the  GaAs  quantum  wells  consists  of  a 8-period  undoped  Al^Ga^As  (5  nm)/GaAs  (2.8 
nm)  superlattice  layer  which  were  grown  alternatively  with  the  GaAs  quantum  wells. 
Finally,  an  «+-GaAs  cap  layer  of  0.3  pm  thick  with  a dopant  density  of  n = 2.0x1 018  cm'3 
was  grown  on  top  of  the  QWIP  layer  structure  to  facilitate  the  top  ohmic  contact.  The 
DBQW  structure  of  the  MWIR-QWIP  offers  a PV  mode  detection  with  excellent 
detection  characteristics  which  are  comparable  to  the  PC  mode  QWIPs.  The  physical 
parameters  of  the  LWIR-QWIP  are  chosen  so  that  the  first  excited  level  E2  is  lined  up 
within  the  miniband  ESL  on  both  sides  of  the  quantum  well  to  obtain  a maximum 
intersubband  absorption  strength.  In  order  to  minimize  the  undesirable  tunneling  current 
through  the  barrier  layers,  a 8-period  undoped  Al03Gao7As(5-nm)/GaAs(2.8-nm) 
superlattice  layer  was  used  in  this  LWIR-QWIP  structure  to  suppress  the  tunneling 
current  from  the  heavily  populated  ground  state  £,  in  the  quantum  wells. 

The  2-color  QWIP  mesa  structure  with  an  active  area  of  200x200  pm2  was  created 
by  chemical  etching  through  the  two-stack  quantum  well  active  layers  and  stopped  at  the 
0.7-pm  thick  heavily  doped  GaAs  buffer  layer  for  ohmic  contact.  A square  contact  ring 
composed  of  AuGe/Ni/Au  materials  was  first  deposited  around  the  periphery  of  the  mesa 
and  alloyed  for  ohmic  contact  formation.  To  enhance  the  light  coupling  efficiency  in  the 
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quantum  well,  we  used  a 2-D  double  periodic  square  mesh  metal  grating  coupler  [48]  on 
the  QWIP  for  normal  incident  illumination  with  g = 4 pm(where  g is  the  grating  period) 
and  a/g  = 0.5  (where  a is  the  width  of  square  aperture  in  the  metal  mesh).  The  metal 
grating  was  then  deposited  within  the  interior  of  the  contact  ring  by  using  electron  beam 
evaporation  of  Au  followed  by  lift-off  process. 

3.3  Results  and  Discussion 

Figure  3.2(a)  and  (b)  show  the  energy  band  diagrams  of  this  2-color  QWIP 
structure,  which  illustrate  the  bound-to-quasi-bound  (BTQB)  and  the  bound-to-miniband 
(BTM)  transition  schemes  for  the  2-color  detection,  respectively.  The  first  transition 
scheme  is  from  the  localized  ground-state  £,  to  the  first  quasi-bound  state  E2  in  the  GaAs 
quantum  well  of  the  MWIR-QWIP,  as  shown  in  Fig.  3.2(a).  The  second  transition  scheme 
is  from  the  localized  ground-state  E]  to  the  miniband  ESI.  in  the  GaAs  quantum  well  of  the 
LWIR-QWIP  (Fig.  3.2(b)).  To  analyze  these  transition  schemes,  we  performed  theoretical 
calculations  of  the  energy  levels  of  the  bound  states  and  continuum  states  and  the 
transmission  probability  \T*T\  for  this  detector  using  a multi-layer  transfer  matrix  method 
[11]  and  the  results  are  shown  in  Fig.  3.3.  Considering  only  the  effects  due  to 
depolarization  and  the  electron-electron  interaction  [32],  we  obtain  two  response  peaks, 
one  at  X = 3.9  pm  and  the  other  at  X - 11.7  pm. 

To  understand  the  behavior  of  this  2-color  QWIP,  we  first  prepared  two  samples 
with  BTQB  and  BTM  quantum  structures  discussed  above  separately.  The  MWIR-QWIP 
(BTQB)  and  LWIR-QWIP  (BTM)  represent  the  first  stack  and  the  second  stack  of  this  2- 
color  QWIP  structure,  respectively.  Figure  3.4(a)  shows  the  dark  current  versus  bias 
voltage  ( I-V)  curves  of  the  MWIR-QWIP  and  the  LWIR-QWIP  measured  at  T = 50  and 
77  K,  respectively.  The  results  show  that  the  dark  current  of  the  LWIR-QWIP  is  higher 
than  that  of  the  MWIR-QWIP  at  the  same  bias.  This  is  due  to  the  fact  that  the  LWIR- 
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QWIP  has  a smaller  barrier  and  the  thermionic-generated  electrons  can  escape  more 
easily  from  the  quantum  wells.  Therefore,  based  on  the  I-V  curves  shown  in  Fig.  3.4(a), 
we  can  see  that  when  the  two  stacks  are  combined  to  form  a 2-color  detector,  most  of  the 
voltage  drop  will  be  across  the  MWIR-QWIP  stack  at  low  bias  (Vh<  1.5  V).  Therefore,  a 
high  field  domain  always  forms  first  in  the  MWIR-QWIP  stack.  The  voltage  drop  across 
the  LWIR-QWIP  stack  becomes  significant  only  when  the  bias  is  greater  than  1.5  V. 
Figure  3.4(b)  shows  the  total  dark  current- voltage  {I-V)  for  the  2-color  stacked  QWIP 
measured  at  T = 50  and  77  K,  respectively.  It  is  noted  that  the  300  K background 
photocurrent  curve  (dashed)  crosses  the  dark  I-V  curve  at  Vh  = -0.65  V and  T = 50  K. 
Thus,  the  background  limited  performance  (BLIP)  condition  occurs  at  T < 50  K and  Vh  < 
0.65  V.  The  300  K background  photocurrent  can  be  obtained  from 

pA2 

I B = R{X)S{X)dX 

Jai 

where  A is  the  device  area,  R(X)  is  the  responsivity  curve,  X,  and  X2  are  the  wavelengths 
of  the  lower  and  upper  limits  of  the  integration,  and  the  blackbody  power  spectral  density 
is  given  by 

S{X)  = (ln  he  I Xs  \ehclur  -\\\ 

Using  A = Ax\  O'4  cm2,  Rp  = 0.0 1 8 A/W  (at  X = 4. 1 pm,  Vh  = 0 V,  and  T = 30  K),  and 
T=  300  K gives  a total  calculated  300  K background  photocurrent  of  IB  = 0.12  nA.  This  is 
in  good  agreement  with  the  measured  photocurrent  of  IB  = 0.3  nA  (as  shown  in  Fig. 
3.4(b)).  Therefore,  at  7=  50  K this  2-color  detector  is  under  BLIP  condition  only  in  the 
PV  mode  operation,  but  not  the  PC  mode  operation. 

The  spectral  response  of  the  2-color  QWIP  was  measured  under  back  illumination 
as  a function  of  temperature  and  bias  voltage  (Vh)  using  a 0.25  m grating  monochromator 
with  a 1000  °C  blackbody  source.  The  normalized  spectral  responsivity  measured  at  Vh  = 
0,  3.2  V and  T = 50  K is  shown  in  Fig.  3.5(a).  Two  response  peaks  were  observed:  one  at 
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X = 4.1  pm  with  Vh  = 0 V and  the  other  at  X = 1 1.6  jam  with  Vh  = 3.2  V.  The  peak 
wavelengths  are  in  good  agreement  with  our  theoretical  calculations.  The  bias 
dependence  of  the  responsivity  at  T = 50  K is  shown  in  Fig.  3.5(b).  It  is  noted  that  the 
photoresponse  of  the  MWIR-QWIP  is  dominated  at  low  bias  and  saturated  above  Vh  = 1 
V.  The  LWIR-QWIP  takes  over  for  Vh  > 2.5  V and  reaches  a maximum  value  at  Vh  = 3.2 
V.  The  results  show  the  potential  of  this  2-stack  QWIP  structure  as  a 2-color  QWIP  with 
a PV  and  PC  dual-mode  operation  at  3-5  pm  and  8-14  pm.  The  peak  responsivity  at  zero 
bias  (PV  mode)  was  found  to  be  17  mA/W  at  X = 4.1  pm  and  T=  50  K,  with  a bandwidth 
AX/Xp  = 15  %.  Two  peak  responsivities  were  found  on  the  PC  mode,  one  was  25  mA/W  at 
Xp  = 4.1  pm,  Vb  = 1.0  V,  and  T=  50  K,  the  other  was  0.12  A/W  at  Xp  - 1 1.6  pm,  Vh  = 3.2 
V,  T - 50  K,  and  the  bandwidth  A7JXP  = 1 8 %.  The  PV  responsivity  was  found  to  be  68 
% of  the  PC  responsivity  at  Xp  = 4.1  pm  and  T=  50  K and  we  obtained  the  same  ratio  in 
the  MWIR-QWIP.  This  is  the  highest  ratio  reported  for  the  spectral  region  of  3 - 5 pm 
wavelength  with  a DBQW  structure.  The  PV  response  has  been  interpreted  due  to  the 
doping  migration  effect  [56]  with  further  enhancement  by  the  DBQW  structure.  Since  the 
dark  current  of  the  PV  mode  operation  QWIP  is  much  smaller  than  that  of  the  PC  mode, 
one  can  achieve  a better  performance  in  QWIP  by  using  PV  mode  detection  at  3 - 5 pm. 

3.4  Conclusions 

In  conclusion,  we  have  demonstrated  a new  two-color  stacked  GaAs/AlAs/AlGaAs 
BTQB  QWIP  and  GaAs/AlGaAs  BTM  QWIP  with  PV  and  PC  dual-mode  operation  at  3 
- 5 and  8-14  pm.  The  PV  detection  scheme  uses  transition  from  the  ground-state  to  the 
quasi-bound  state  of  the  MWIR-QWIP.  The  PC  detection  scheme  has  two  different 
transitions,  one  is  similar  to  the  PV  detection  scheme  and  the  other  uses  transition  from 
the  ground-state  to  the  miniband  of  the  LWIR-QWIP.  The  peak  responsivity  at  zero  bias 
(PV  mode)  was  found  to  be  17  mA/W  at  Xp  = 4. 1 pm,  T = 50  K,  with  a AX/Xp  = 1 5 %. 
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Two  peak  responsivities  for  the  PC  mode  detection,  were  found  to  be  25  mA/W  at  Xp  = 
4.1  pm,  V„  =1  V,  and  T=  50  K,  and  0.12  A/W  at  \ = 1 1.6  pm,  Vh  =3.2  V,  T=  50  K,  and 
the  bandwidth  A Xl\p  - 18  %.  The  PV  responsivity  was  found  to  be  68  % of  the  PC 
responsivity  at  \ = 4.1  pm  and  T = 50  K,  demonstrating  the  ability  for  an  efficient  PV 
mode  operation  at  3 - 5 pm.  Further  improvement  on  the  performance  of  the  2-color 
QWIP  is  expected  to  raise  the  operating  temperature  to  T = 77  K for  practical  focal  plane 
arrays  image  sensor  applications. 
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Figure  3.1.  The  layer  structure  of  the  two-stack  two-color  DB/BTM  QWIP. 
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Figure  3.2.  The  schematic  conduction  band  diagrams  for  the  two-stack  two-color 
DB/BTM  QWIP:  (a)  MWIR-QWIP  and  (b)  LWIR-QWIP. 
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Figure  3.3.  The  transmission  coefficients  of  the  two-stack  two-color  DB/BTM 
QWIP:  (a)  MW-QWIP  stack  and  (b)  LW-QWIP  stack. 
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Figure  3.4.  The  dark  current  vs  bias  voltage  measured  at  T=  50  and  77  K for 
(a)  the  LWIR-QWIP  and  the  MWIR-QWIP  and  (b)  the  two-color  MWIR  and 
LWIR  stacked  QWIP. 
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Figure  3.5.  (a)  Normalized  responsivity  vs  wavelength  and  (b)  peak  responsivity 
vs  bias  for  the  two-stack  two-color  DB/BTM  QWIP  measured  at  T = 50  K. 


CHAPTER  4 

A VOLTAGE-TUNABLE  MULTICOLOR  TRIPLE-COUPLED 
INGAAS/GAAS/ALGAAS  QUANTUM  WELL  INFRARED 
PHOTODETECTOR  FOR  7 - 14  pm  DETECTION 

4.1  Introduction 

Quantum  well  infrared  photodetectors  (QWIPs)  based  on  bound-to-bound  (BTB) 
states,  bound-to-continuum  (BTC),  and  bound-to-miniband  (BTM)  transitions  have  been 
widely  investigated  in  recent  years  for  8 - 14  pm  atmospheric  window  detection  [11,12, 
41].  High  performance  focal  plane  arrays  (FPAs)  based  on  GaAs/AlGaAs  BTC  and  BTM 
QWIPs  (with  peak  wavelength  at  9 - 9.5  pm)  have  been  demonstrated  for  LWIR  imaging 
applications  [23,  55,  58,  59,  60].  Using  bandgap  engineering,  a wide  variety  of  multicolor 
QWIPs  such  as  voltage-tunable  multicolor  QWIPs  and  multistack  quantum  well 
structures  for  detection  in  both  mid-wavelength  infrared  (MWIR)  and  long-wavelength 
infrared  (LWIR)  bands  have  been  published  [17, 20,  61,  62,  63,  64], 

The  Use  of  coupled  asymmetric  quantum  wells  for  multicolor  detection  has  been 
developed  [20],  but  strong  Stark  shift  has  not  been  observed  in  the  coupled  two  quantum 
wells  structure.  Recently,  Huang  and  Lien  [65]  have  proposed  a two-depth  three  coupled 
quantum  well  (TCQW)  and  its  application  for  a voltage-tunable  IR  detector.  Based  on 
their  theoretical  calculations,  they  predicted  a very  large  Stark  shift  offset  with 
wavelength  tunability  in  7 - 14  pm  by  an  applied  bias  voltage  for  the  two-depth  TCQW 
structure.  This  wavelength  tunability  is  very  useful  in  military  application  such  as  target 
discrimination. 

In  this  chapter  we  report  the  development  of  two  voltage-tunable  multicolor  triple- 
coupled  quantum  well  infrared  photodetectors  (TC-QWIPs)  for  7 - 14  pm  detection.  The 
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wavelength  tunability  is  achieved  in  the  8.2  - 9.1  (am  and  10.8  - 11.5  pm  for  two 
different  TC-QWIP  structures.  Using  the  strongly  coupled  quantum  well  structure, 
multicolor  detection  is  achieved  in  the  7 - 12  pm  under  different  bias  voltages  and 
polarity  conditions. 

4.2  Device  Growth  and  Fabrication 

The  layer  structures  of  the  TC-QWIP-  A and  B are  shown  in  Fig.  4.1.  These  two 
TC-QWIP  structures  were  grown  on  semi-insulating  GaAs  substrates  by  using  molecular 
beam  epitaxy  (MBE)  technique.  The  basic  structure  consists  of  a triple-coupled, 
symmetric  quantum  well  (TCQW)  separated  by  two  thin  AlyGa,.yAs  barriers,  and  a 50  nm 
AlyGa,.yAs  barrier  (y  = 0.21,  0.19  for  QWIP-  A and  B,  respectively),  which  was  repeated 
20  times  to  form  the  QWIP  device.  The  TCQW  is  composed  of  a Si-doped  (Nd  = 5xl017 
cm'3)  InxGa,.xAs  deep  well  (x  = 0.06,  0.03  and  width  = 6,  8 nm  for  QWIP-  A and  B, 
respectively)  and  two  undoped  GaAs  shallow  wells  (width  = 3 and  3.5  nm  for  QWIP-  A 
and  B,  respectively)  separated  by  two  1.6  nm  AlyGa,.yAs  thin  barriers.  Heavily  doped  (Nd 
= 2x1  O'8  cm'3)  GaAs  layers  were  grown  for  the  top  and  bottom  ohmic  contacts. 

4.3  Results  and  Discussion 

A mesa  structure  with  an  active  area  of  200x200  pm2  was  formed  for  the  TC-QWIP 
by  chemical  etching  to  facilitate  for  the  device  characterization.  A square  contact  ring 
composed  of  AuGe/Ni/Au  was  first  deposited  around  the  periphery  of  the  mesa  and 
alloyed  for  ohmic  contacts.  The  devices  were  then  processed  with  both  45°  polished  facet 
and  2-D  grating  coupler  for  coupling  IR  radiation. 

Figure  4.2  shows  the  schematic  band  diagram  of  the  conduction-band  and  the 
bound-state  energy  levels  for  a TC-QWIP  under  positive  bias  condition.  For  the  TC- 
QWIP,  due  to  the  strong  coupling  effect  of  the  three  asymmetrical  QWs  and  two  thin 
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AlGaAs  barriers,  the  bound  states  in  the  GaAs  QWs  and  the  first  excited  state  in  the 
InGaAs  QW  are  coupled  to  form  the  second  (£,)  and  third  (£3)  bound  states  inside  the 
TCQWs  under  applied  bias  condition,  as  illustrated  in  Fig.  4.2.  The  intersubband 
transition  for  the  TC-QWIP  is  dominated  by  the  bound-to-bound  transition  between  £, 
and  £3  states,  while  two  secondary  photoresponse  peaks  due  to  £,  -»  E2  and  £,  ->  Ec 
states  transitions  were  also  observed  in  the  TC-QWIP  under  large  bias  condition.  To 
calculate  the  energy  levels  in  the  TCQWs,  the  effects  of  electron-electron  interaction  [32] 
and  strain-induced  energy  shift  [39]  in  the  InxGa,.xAs  layer  was  considered  (this  effect 
was  neglected  in  Ref.[65]).  Using  multilayer  transfer  matrix  method  (TMM),  the  energy 
levels  of  the  bound  states  and  continuum  states  were  calculated  which  are  shown  in  Fig. 
4.3.  The  calculated  values  of  the  conduction-band  offset  (A Fc  = 212  and  163  meV  for 
QWIP-A  and  -B,  respectively)  were  found  in  excellent  agreement  with  the  measured 
values  (A Ec  = 220  and  165  meV)  determined  from  the  activation  energy  of  the  dark 
current  versus  inverse  temperature  plot  at  low  bias  for  both  devices  as  shown  in  Fig.  4.4. 
The  calculated  peak  wavelengths  for  £,  ->  £3  transition  under  zero  bias  are  9.4  pm  and 
1 1.5  pm  [£13  = (£3  - £,)  = 132  and  109  meV],  which  were  found  in  excellent  agreement 
with  the  values  of  9.3  pm  and  1 1 .7  pm  obtained  from  Figs.  4.6(a)  and  4.6(b)  for  QWIP-A 
and  -B,  respectively. 

The  dark  current  density  versus  bias  voltage  (Jj  vs  Vh)  curves  measured  at  T = 3 1 to 
77  K for  QWIP-A  and  -B  are  shown  in  Figs.  4.5(a)  and  4.5(b),  respectively.  Both  devices 
showed  the  asymmetric  dark  current  characteristics  under  the  positive  and  negative  bias 
conditions,  which  are  attributed  to  the  asymmetric  potential  barriers  in  the  TCQW 
structure.  Since  the  effective  barrier  height  under  negative  bias  is  smaller  than  that  of 
positive  bias  case,  Jd  is  larger  under  negative  bias  than  the  positive  bias  condition.  It  is 
also  noted  that  Jd  for  QWIP-A  is  much  smaller  than  that  of  QWIP-B  due  to  the  larger 
conduction-band  offset  and  shorter  cutoff  wavelength  for  the  former.  For  comparison,  the 
300  K background  photocurrent  curves  [with  a 180°  field  of  view  (FOV)]  are  also 
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included  in  Figs.  4.5(a)  and  4.5(b)  for  QWIP-A  and  -B,  respectively.  The  BLIP 
temperature  was  found  to  be  66  K up  to  7 V and  50  K up  to  5V  for  QWIP-A  and  B, 
respectively. 

The  spectral  response  curves  of  both  devices  were  measured  as  a function  of 
temperature  and  bias  voltage  using  a 0.25  m grating  monochromator  with  a calibrated 
blackbody  source  Tb  = 1000  °C).  The  responsivities  were  found  to  be  nearly  independent 
of  temperature  up  to  77  K.  Figures  4.6(a)  and  4.6(b)  show  the  plots  of  responsivity  versus 
wavelength  for  QWIP-A  and  B,  respectively,  under  different  bias  conditions. 

For  QWIP-A  three  detection  peaks  at  11.5,  8.2  - 9.1,  and  7.2  pm  were  observed 
under  positive  and  negative  bias  voltages,  which  are  attributed  to  the  transitions  from  the 
ground  bound  state  to  the  first  excited,  second  excited,  and  continuum  states, 
respectively.  Under  positive  bias,  both  £,  — > £2  and  £,  — > £3  transitions  were  observed. 
The  photoresponse  due  to  (£,  ->  £,)  transition  was  observed  for  Vh  > 2.5  V,  which  was 
due  to  the  increase  of  the  transmission  probability  of  electrons  from  E}  level.  The  peak 
responsivity  was  found  to  be  0.08  A/W  at  Xp  = 8 pm  and  Vh  = lV.  The  bias  dependence 
of  the  peak  responsivity  and  wavelength  were  plotted  in  Figs.  4.6(a)  and  4.6(b),  which 
exhibit  a linear  dependence  on  the  applied  bias  voltage,  Vb.  The  responsivity  data  of  the 
2-D  grating  coupled  device  were  also  included  along  with  the  45°  facet  incidence  device, 
which  showed  a similar  result.  As  shown  in  Fig.  4.6(a),  the  blue  shift  of  (£,  -»  £3) 
transition  was  due  to  the  quantum-confined  Stark  effect  in  the  asymmetric  TCQW 
structure  [65],  The  tunable  wavelength  range  of  (£,  ->  £3)  transition  was  found  to  be  8.2 
- 9.1  pm.  The  maximum  BLIP  detectivity,  D*BLW , was  found  to  be  6.1xl09  cm-Hzl/2/W  at 
Vb  = 5 V,  \ = 8.6  pm,  FOV  180°,  assuming  a photoconductive  gain  of  g = 0.77  [66].  In 
addition,  the  photoresponse  due  to  (£,  ->  £2)  transition  was  observed  for  Vb  > 6 V [see 
Fig.  4.6(a)],  However,  under  negative  bias  condition,  only  one  detection  peak  at  X = 7.2 
pm  was  observed  at  Vb  = -5.5  V,  which  was  attributed  to  the  BTC  states  transition. 
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For  QWIP-B,  only  two  intersubband  transition  schemes,  (£,  -*  £,)  and  (£,  ->  £c), 
were  observed  in  the  wavelength  range  from  6.5  (am  to  13  (am.  The  coupling  effect  and 
the  quantum-confined  Stark  effect  described  above  are  all  applicable  to  QWIP-B.  The  (£, 
->  E2)  transition  was  beyond  the  wavelength  of  interest  and  was  not  measured  in  this 
study.  Figure  4.6(b)  shows  the  responsivity  versus  wavelength  for  QWIP-B,  the 
photoresponse  due  to  (£,  —>  £3)  transition  was  observed  for  Vh  > 2 V.  The  peak 
responsivity  was  found  to  be  0.41  A/W  at  Xp  = 1 1 .0  |am  and  Vh  = 5 V.  This  value  was  an 
order  of  magnitude  higher  than  that  of  QWIP-A  for  the  (£,  ->  £3)  transition  at  \ = 8.7 
pm.  The  peak  detection  wavelength  versus  bias  voltage  for  QWIP-B  is  shown  in  the  inset 
of  Fig.  4.6(b),  which  also  exhibits  a linear  dependence  of  the  detection  peak  wavelength 
on  the  applied  bias  voltage.  The  tunable  wavelengths  for  the  (£,  — > £,)  transition  were 
found  to  be  in  the  range  of  10.8  - 11.5  pm.  A maximum  BLIP  detectivity  of  D\Uf  = 
1.63x10'°  cm-Hzl/2/W  at  Vh  = 4 V,  \ = 11.2  pm,  FOV  180°,  and  TBUP  = 50  K was 
obtained  for  this  device,  using  a calculated  photoconductive  gain  of  g = 0.6  [66]. 

From  the  results  presented  above,  it  is  noted  that  the  main  response  peak  for  both 
QWIP-  A and  B devices  is  dominated  by  the  (£,  -»  £3)  transition,  while  the 
photoresponse  due  to  (£,  -»  £2)  transition  only  occurs  under  higher  positive  bias 
condition.  The  tunable  range  of  the  detection  wavelengths  were  found  to  be  8.2  - 9.1  pm 
and  10.8  - 1 1.5  pm  under  positive  bias  condition  for  QWIP-  A and  B,  respectively.  The 
tunable  wavelength  range  of  QWIP-A  was  substantially  smaller  than  that  predicted  by 
Huang  and  Lien  [65],  One  possible  explanation  could  be  attributed  to  the  fact  that  they 
neglected  the  strain  effects  in  the  band  offset  calculations.  As  discussed  above,  the  actual 
band  offset  of  the  TCQW  was  lower  than  that  given  in  Ref.  [65].  Thus,  the  tunable 
wavelength  range  should  be  smaller  than  that  predicted  in  Ref.  [65]  when  the  strain  effect 
is  considered  in  the  InGaAs  quantum  well. 
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4.4  Conclusions 

In  conclusion,  we  have  demonstrated  a new  highly  sensitive  voltage-tunable 
multicolor  triple-coupled  quantum  well  infrared  photodetector  (TC-QWIP)  for  LWIR 
detection.  Two  TC-QWIP  structures,  QWIP-  A and  B,  with  different  quantum  well  and 
barrier  parameters  have  been  fabricated  and  analyzed.  Using  quantum  confined  Stark 
shift  effect,  the  wavelength  tunability  by  the  applied  bias  voltage  in  the  wavelength  range 
of  8.2  - 9.1  pm  and  10.8  - 11.5  pm  for  QWIP-  A and  B,  respectively,  have  been 
demonstrated  in  this  work.  Multi-wavelength  photoresponses  have  been  observed  in  both 
QWIP-  A and  B under  different  bias  voltages  and  polarity  conditions.  As  predicted  by  the 
theoretical  calculations,  the  (£,  — > E3)  transition  is  the  dominant  process  responsible  for 
the  observed  large  photoresponsivity  in  both  devices.  Based  on  the  results  of  this  study, 
further  optimization  of  the  device  parameters  will  be  investigated  in  order  to  improve  the 
performance  of  the  TC-QWIPs  for  multicolor  focal  plane  arrays  (FPAs)  applications. 
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Figure  4.1.  The  layer  structure  of  the  TC-QWIP:  x=0.21,  y=0.06, 1 =60  A and 

w 

x^O.  1 9,  y=0.03,  lw=80  A for  QWIP-  A and  B,  respectively. 
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Figure  4.2.  The  schematic  diagram  of  the  conduction  band  for  the  TC-QWIP  under 
positive  bias  conditions. 


Log(Tx)  Log(Tx) 


40 


Figure  4.3.  The  transmission  coefficients  of  the  TC-QWIP  A,  (a),  and  the  TC- 
QWIP  B,  (b). 
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Figure  4.4.  Arrehnius  plot  of  the  dark  I-V  for  (a)  QWIP-A  and  (b)  QWIP-B, 
respectively. 
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Figure  4.5.  The  dark  current  density  versus  bias  voltage  and  temperature 
for  (a)  QWIP-A  and  (b)  QWIP-B,  respectively. 
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Figure  4.6.  The  responsivity  versus  wavelength  for  (a)  QWIP-A  and  (b)  QWIP-B. 
Strong  Stark  shift  is  clearly  shown  in  (a)  the  8-9  pm  and  (b)  1 1-12  pm  range. 


CHAPTER  5 

A TWO-STACK  TWO-COLOR  HIGH  STRAIN  QUANTUM  WELL 
INFRARED  PHOTODETECTOR 

5.1  Introduction 

Quantum  Well  Infrared  photodetectors  (QWIPs)  have  been  extensively  investigated 
in  recent  years.  One  major  feature  of  QWIP  is  its  multicolor  detection  capability  which  is 
highly  demanded  by  advanced  infrared  systems.  Two-color  detection  that  covers  both  of 
the  3 to  5 pm  (MWIR)  and  8 to  12  pm  (LWIR)  atmospheric  windows  is  especially 
important  in  many  applications.  The  primary  concerns  of  the  two-color  detection  are  the 
difficulty  of  tuning  the  detection  wavelength  to  the  middle  of  the  MWIR  region  and  the 
low  responsivity  of  the  MWIR  stack  due  to  the  narrow  quantum  wells.  In  this  chapter,  a 
high  performance  two-stack,  two-color,  high  strain  QWIP  has  been  demonstrated.  This 
QWIP  was  designed  and  provided  by  Dr.  Tidrow  of  Army  Research  Laboratory.  It 
consists  of  two  stacks  of  multiple  quantum  wells  (MQWs)  as  the  active  region  with  a 
highly  doped  contact  layer  in  between  the  two  stacks.  The  first  stack  consists  of  20 
periods  of  30  nm  Al^Ga^As  barrier  and  2.4  nm  doped  In0  35Ga065As  well  sandwiched 
between  two  0.5  nm  GaAs,  and  the  second  stack  is  composed  of  20  periods  of  50  nm 
Alo.27Cjao.73As  barrier  and  5.5  nm  GaAs  well.  Using  two  stacks  for  two-color  detection 
have  been  reported  before  [17,  20,  63]  but  the  indium  concentration  is  limited  to  equal  or 
less  than  20  % in  the  InGaAs/AlGaAs  MWIR  stack  due  to  the  concern  of  the  lattice 
mismatch  induced  strain  problem.  As  a result,  the  quantum  wells  in  the  InGaAs/AlGaAs 
stack  are  not  deep  enough  to  cover  the  point  of  interest  of  the  MWIR.  Foire  et  al.  [67] 
demonstrated  an  InGaAs/AlGaAs  QWIP  with  16  % indium  and  added  two  ultra  thin 
AlAs  barriers  to  the  basic  InGaAs/AlGaAs  structure  to  push  the  excited  state  higher.  We 
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have  developed  a GaAs/AlAs/AlGaAs  DB-QWIP  [63]  for  the  MWIR  stack  and  achieved 
similar  but  better  result  as  described  in  Chap.  3.  However,  the  responsivity  for  both 
QWIPs  in  reference  [63,  67]  are  very  small  due  to  the  difficulty  of  confining  the  electron 
wavefunctions  in  the  well  region  using  the  thin  AlAs  barriers.  The  dark  current  is  also 
very  high  due  to  the  easy  tunneling  of  thermally  excited  electrons  through  the  thin  AlAs 
barriers.  The  device  reported  here  incorporated  35  % of  indium  in  the  InGaAs  well  of  the 
MWIR  stack  which  achieved  peak  response  at  4.3  pm  with  very  low  dark  current  and 
very  high  responsivity. 


5.2  Device  Growth  and  Fabrication 

The  schematic  energy  band  diagram  of  the  device  is  given  in  Fig.  5.1.  It  consists  of 
two  stacks  of  multiple  quantum  wells  as  the  active  region  with  a highly  doped  contact 
layer  in  between  the  two  stacks.  The  first  stack  is  designed  to  detect  the  MWIR  which 
consists  of  20  periods  of  30  nm  Al0  38Gao62As  barrier  and  2.4  nm  In^Gao^As  well 
sandwiched  between  two  0.5  nm  GaAs.  The  second  stack  is  for  the  LWIR  detection 
which  consists  of  20  periods  of  50  nm  Al0  27Gao „As  barrier  and  5.5  nm  GaAs  well.  The 
doping  densities  are  2.5x1  O'8  cm'3,  0.7x1 018  cm’3,  and  lxlO18  cm'3  for  the  MWIR  stack, 
LWIR  stack,  and  the  contact  layers,  respectively. 

The  sample  was  grown  on  semi-insulating  GaAs  (100)  by  molecular  beam  epitaxy 
using  As2  as  the  arsenic  species.  After  the  growth  of  the  bottom  contact  at  600  °C,  the 
substrate  temperature  was  lowered  to  520  °C  for  the  growth  of  the  20  periods  MWIR 
stack.  Growth  interruption  was  performed  before  the  growth  of  the  middle  contact  to 
adjust  the  aluminum  source  temperature  for  the  Al^Gao  73As  barrier  in  the  LWIR  stack. 
At  this  point  the  substrate  temperature  was  raised  to  600  °C  where  it  remained  for  the  rest 
of  the  growth.  Asymmetric  X-ray  scan  measurement  showed  very  little  in-plane  lattice 
relaxation  with  less  than  1 86  part  per  million  in-plane  lattice  constant  increase.  The  low 
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dark  current  and  the  good  uniformity  of  the  device  also  show  that  the  device  is  of  high 
quality  despite  of  the  high  indium  concentration. 

The  sample  was  processed  into  three  different  test  structures  for  the  characterization 
of  the  MWIR  stack,  LWIR  stack,  and  the  LWIR-MWIR  stacks  in  series.  The  mesa  areas 
of  the  test  structures  are  all  200x200  pm2  using  standard  photolithography  wet  chemical 
etching.  The  mesa  structures  of  the  LWIR-stack  and  the  MWIR-LWIR-stack  in  series 
were  formed  by  etching  down  from  the  top  contact  layer  to  the  middle  contact  layer  and 
to  the  bottom  contact  layer,  respectively.  The  mesa  structure  of  the  MWIR-stack  was 
formed  first  by  completely  removing  the  top  contact  layer  and  the  LWIR  stack,  and  then 
etching  down  from  the  middle  contact  layer  to  the  bottom  contact  layer.  A square  ohmic 
contact  ring  composed  of  AuGe/Ni/Au  was  deposited  on  the  periphery  of  the  mesa  and 
then  alloyed  for  the  ohmic  contacts.  Devices  that  used  for  45°  light  coupling  are  polished 
on  the  substrate  with  a 45°  facet,  while  no  angle  lapping  and  no  grating  were  used  on  the 
devices  for  normal  incidence  illumination.  Also,  no  substrate  thinning  was  made  on  either 
set  of  devices. 


5.3  Results  and  Discussion 

In  the  dark  current  and  photocurrent  measurements,  the  substrate  contact  was 
grounded  while  positive  or  negative  bias  was  applied  to  the  top  contact  of  the  devices. 
Figure  5.2  shows  the  dark  current  for  the  MWIR  stack  measured  at  77  K,  122  K,  and  140 
K,  along  with  the  300  K window  current  measured  at  30  K with  a field  of  view  (FOV) 
1 80°.  The  sample  is  highly  uniform  and  has  very  low  dark  current.  The  BLIP  temperature 
was  found  to  be  125  K up  to  ± 2 V and  120  K up  to  ± 3 V.  The  dark  current  measured  at 
35  K,  66  K and  77  K,  along  with  the  300  K window  current  for  the  LWIR  stack  are 
shown  in  Fig.  5.3.  The  BLIP  temperature  is  around  70  K for  bias  up  to  ± 2 V with  a 
cutoff  wavelength  at  10  pm.  77  K operation  could  be  achieved  by  shifting  the  cutoff 
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wavelength  to  9 (am.  The  300  K window  current  was  also  calculated  using  the  integration 
of  the  measured  responsivity  times  the  300  K blackbody  radiation  spectrum  with  a 180° 
FOV  [63].  The  calculated  results  at  2V  are  3.95xl0'5  A/cm2  and  1.93xl0'3  A/cm2  for  the 
MWIR  and  LWIR  stacks,  respectively,  which  are  in  excellent  agreement  with  the 
measured  values  at  2 V bias,  as  shown  in  Figs.  5.2  and  5.3  for  the  window  currents. 

The  photocurrent  spectra  of  the  MWIR  stack  and  LWIR  stack  were  measured  by 
using  a 0.25  m grating  monochromator  and  a calibrated  blackbody  source  (T=  1000  °C). 
Smaller  than  10  % variation  of  the  device  responsivity  with  temperature  was  observed 
from  30  K to  77  K.  Figure  5.4  shows  the  peak  responsivity  versus  bias  for  the  MWIR 
stack  measured  at  77  K.  The  responsivity  increases  linearly  with  bias  up  to  +3  V and  -4 
V,  and  then  decreases.  The  responsivity  spectra  at  2 V and  3 V are  given  in  Fig.  5.5  for 
the  MWIR  stack.  The  peak  wavelength  is  at  4.3  pm  with  a maximum  responsivity  of  0.65 
A/W  at  3 V with  45°  incidence.  At  this  bias,  the  cut-on  FWHM  is  at  3.9  pm  and  cut-off 
FWHM  at  4.7  pm  with  a spectral  width  of  0.8  pm.  The  BLIP  temperature  for  this  MWIR 
stack  is  about  120  K at  3 V,  and  the  BLIP  spectral  detectivity  was  found  to  be  D'm = 
1.4x10"  cm-Hz'VW  at  77  K assuming  a 10  % quantum  efficiency.  Besides  relatively 
large  doping  in  the  well,  the  enhanced  responsivity  in  the  MWIR-stack  is  also  related  to 
the  use  of  35  % of  indium  in  the  InGaAs  quantum  well.  The  compressive  strain  induced 
in  the  Iit^Ga^As  quantum  well  leads  to  a 20  % reduction  of  the  electron  effective  mass 
compared  to  no  indium  case.  As  a result,  the  intersubband  absorption  and  hence  the 
photoresponse  are  expected  to  increase  over  the  unstrained  case  with  the  same  well  width. 
Figure  5.6  shows  the  peak  responsivity  at  9.4  pm  versus  bias  voltage  for  the  LWIR  stack 
measured  at  77  K.  The  responsivity  increases  linearly  with  bias  up  to  ± 2 V and  becomes 
saturated  with  a maximum  value  of  0.55  A/W  at  2 V with  45°  incidence.  Figure  5.7 
shows  the  spectral  responsivity  for  the  LWIR  stack  measured  at  77  K and  2 V.  The  cut-on 
FWHM  is  at  8.6  pm,  and  cut-off  FWHM  is  at  10  pm  with  a spectral  width  of  1.4  pm.  The 
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LWIR  stack  is  about  70  K BLIP  at  2 V and  the  corresponding  BLIP  spectral  detectivity 
of  D'bup  = 1.8x10'°  cm-Hz1/2/W  was  obtained  assuming  a 13  % quantum  efficiency. 

Responsivity  of  normal  incidence  without  grating  coupling  was  also  measured  for 
both  of  the  MWIR  and  LWIR  stacks.  The  results  are  shown  in  the  corresponding  figures 
(Figs.  5.4,  5.5,  5.6,  and  5.7)  along  with  the  results  of  the  45°  incidence.  The  responsivity 
ratio  of  the  normal  incidence  to  the  45°  incidence  is  40  % to  50  % and  35  % to  45  % for 
the  MWIR  and  LWIR  stack,  respectively.  According  to  quantum  mechanical  selection 
rule,  the  normal  incidence  absorption  is  not  allowed  in  n-type  QWIP.  However, 
consistent  experimental  evidences  [6,  20]  have  shown  significant  photoresponsivity  with 
normal  incidence  without  grating.  Different  explanations  have  been  given  [6,  68],  but  no 
concrete  conclusions  can  be  drawn  at  present  stage. 

The  test  structure  of  the  MWIR-LWIR  stacks  in  series  were  also  measured  with 
dark  current  dominated  by  the  MWIR  stack.  The  MWIR  stack  photoresponse  was 
obtained  and  no  LWIR  photoresponse  was  observed  even  at  very  large  bias.  This  could 
be  due  to  the  very  high  impedance  in  the  MWIR  stack  caused  by  the  very  deep  well  using 
35  % indium  concentration.  This  will  not  affect  the  device  performance  when  the  signals 
of  the  two  stacks  have  been  integrated  simultaneously.  The  wavelength  tunability  [62,  69] 
of  this  device  by  changing  the  bias  voltage  is  still  under  study. 

5.4  Conclusions 

In  conclusion,  a high-strain  two-stack,  two-color  QWIP  has  been  demonstrated  with 
very  high  performance.  The  device  has  35  % of  indium  in  the  QW  of  the  MWIR  stack 
which  produces  high  in-plane  compressive  strain.  This  strain  enhances  the  responsivity  of 
the  MWIR  stack  while  allowing  the  detection  spectrum  to  cover  the  point  of  interest  in 
the  MWIR  region.  The  detection  peak  wavelengths  are  at  4.3  pm  and  9.6  pm  and  the 
corresponding  maximum  responsivities  are  0.65  A/W  and  0.55  A/W  for  the  MWIR  and 


49 


LWIR  stacks,  respectively,  with  45°  light  incidence.  Normal  incidence  without  grating 
coupling  also  achieved  responsivity  of  0.25  A/W  for  either  one  stack  from  Figs.  5.4  and 
5.6.  Using  grating  coupling  and  substrate  thinning  will  further  enhance  the  device 
performance  and  make  the  present  device  a very  practical  infrared  detector  for  the  2-color 
focal  plane  array  IR  imaging  applications. 
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Figure  5.1.  The  schematic  conduction  band  diagram  of  the  2-stack,  2-color 
InGaAs/AlGaAs  MWIR  and  AlGaAs/GaAs  LWIR  QWIP. 
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Figure  5.2.  The  dark  I-V  curves  for  the  M WIR  stack  measured  at  77K,  122K,  and 
140K,  along  with  the  300K  window  current  measured  at  30K  with  a field  of  view 
(FOV)  180°. 
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Figure  5.3.  The  dark  I-V  curves  for  the  LWIR  stack  measured  at  35K,  66K,  and 
77K,  along  with  the  300K  window  current  measured  at  30K  with  a Field  of  view 
(FOV)  180°. 
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Figure  5.4.  The  peak  responsivity  versus  bias  for  the  M WIR  stack  measured  at  77K 
at  45°  incidence  (solid  line)  and  normal  incidence  without  grating  (dash  line). 
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Figure  5.5.  The  responsivity  spectra  measured  at  2V  and  3V  for  the  M WIR  stack  at 
45°  incidence  (solid  line)  and  2V  at  normal  incidence  without  grating  (dash  line). 
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Figure  5.6.  The  peak  responsivity  at  versus  bias  for  the  LWIR  stack  measured  at 
77K  at  45°  incidence  (solid  line)  and  normal  incidence  without  grating  (dash  line). 
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Figure  5.7.  The  responsivity  spectra  measured  at  2V  and  3V  for  the  LWIR  stack  at 
45°  incidence  (solid  line)  and  2V  at  normal  incidence  without  grating  (dash  line). 


CHAPTER  6 

A TWO-STACK  INDIRECT-BARRIER/TRIPLE-COUPLED 
QUANTUM  WELL  INFRARED  PHOTODETECTOR 

6.1  Introduction 

In  the  atmospheric  transmission  window  for  infrared  radiation,  the  3 - 5 pm  mid- 
wavelength infrared  (MWIR)  and  8-14  pm  long- wavelength  infrared  (LWIR)  spectral 
regions  are  of  particular  importance  to  a wide  variety  of  technological  specialties,  such  as 
remote  astronomical  telescope,  seeker-tracker  system,  ultra-low  loss  communication 
system,  and  space-borne  surveillance  radar.  For  the  MWIR  detection,  high  performance 
InAlAs/InGaAs  quantum  well  infrared  photodetectors  (QWIPs)  grown  on  InP  substrate 
have  been  developed  [33,  70,  71].  But  they  are  not  suitable  to  integrate  with  the  LWIR 
QWIPs  which  were  usually  grown  on  GaAs  substrate.  Monolithically  integrated  Schottky 
barrier  PtSi  staring  FPA  has  been  developed  for  MWIR  imaging  applications,  while  for 
LWIR  HgCdTe  hybrid  staring  FPAs  are  widely  used.  However,  HgCdTe  has  the  most 
serious  technological  problems  of  any  semiconductor  material  in  mass  production.  Si- 
based  optoelectronic  devices  have  also  attracted  great  interest  because  of  the  potential  for 
monolithic  integration  and  the  well-developed  processing  technology.  SiGe/Si  QWIPs 
have  rapidly  developed  in  recent  years  [72-74]  which  shown  a compatible  LWIR 
photoresponse  to  the  conventional  GaAs/AlGaAs  LWIR  QWIPs,  but  the  MWIR 
photoresponse  is  still  about  one  order  of  magnitude  lower  than  that  of  III-V  MWIR 
QWIPs. 

Due  to  the  mature  GaAs  growth  technologies  and  the  ability  of  integration  with  Si- 
based  signal-processing  electronics,  integration  of  GaAs-based  MWIR  and  LWIR  QWIPs 
[13-20]  has  of  particular  interest  to  the  engineers.  We  have  developed  and  characterized 
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two  MWIR/LWIR-stacked  QWIPs  and  one  voltage-tunable  multicolor  triple-coupled 
QWIP  as  described  in  the  previous  chapters.  The  high  performance  of  these  QWIPs  give 
us  a motivation  to  do  more  studies.  In  this  chapter.  We  demonstrated  a two-stack  indirect- 
barrier/triple-coupled  quantum  well  infrared  photodetector  for  mid-  and  long-wavelength 
detection  and  studied  the  effects  of  doping  density  and  the  number  of  the  QW  periods  on 
the  performance  of  these  devices. 

6.2  Device  Growth  and  Fabrications 

The  basic  device  structure  for  the  multicolor  2-stack  IB/TC-QWIP  is  an  indirect- 
barrier  QWIP  consisting  of  a 50  nm  undoped  Al0  55Gao45As  barrier  and  a 3 nm  heavily 
doped  GaAs  QW  for  the  MWIR  detection  and  an  Ir^  ^Gao  95As/GaAs/Al0 19Ga„  gl As  triple- 
coupled  QWIP  for  LWIR  detection.  The  MWIR  IB-QWIP  is  designed  to  have  a detection 
peak  at  4.3  pm  while  the  LWIR  TC-QWIP  has  multiple  response  peaks  that  are  voltage- 
tunable  in  the  8 - 12  pm  LWIR  band.  To  study  the  effects  of  doping  density  and  the 
number  of  the  QW  periods  on  the  performance  of  these  devices,  four  QWIP  samples 
(N301  to  N304)  with  different  layer  structures,  doping  density  and  the  number  of  the  QW 
periods,  have  been  grown  on  semi-insulating  GaAs  (100)  substrate  by  molecular  beam 
epitaxy  (MBE).  Table  6.1  shows  the  layer  structure  of  the  two-stack  IB/TC-QWIP  with 
two  different  doping  densities,  Nd  = 5x1 017  cm'3  and  lxlO18  cm'3,  and  two  different 
numbers  of  QW  periods  (20  and  40  periods).  The  schematic  diagram  of  the  conduction 
band  of  this  QWIP  is  shown  in  Figs.  6.1(a)  and  6.1(c).  The  transition  schemes  for  the 
LWIR  TC-QWIP  have  been  described  in  chapter  4 except  the  tunable  wavelength  range  is 
designed  to  be  of  9 - 10  pm.  The  transition  schemes  for  the  MWIR  IB-QWIP  is  indicated 
by  the  numbers  in  Fig.  6.1(c).  The  photon-excited  electron  is  generated  from  £0r  to  £,r 
where  it  will  escape  out  of  the  well  and  begin  to  transport  above  the  T barrier  (No.  2). 
Then  it  will  be  rapidly  scattered  into  the  X valley  (No.  3)  and  transported  towards  the 
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GaAs  QW  (No.  4).  There  are  two  transport  mechanisms  which  should  be  considered  in 
the  GaAs  QW  region.  One  is  the  capture  mechanism  and  the  other  is  the  tunneling 
mechanism  (No.  5).  The  latter  will  contribute  to  the  photocurrent  while  the  former  not.  It 
is  shown  [75]  that  the  tunneling  time  t,x  is  much  shorter  than  the  recapture  time  x xr . 
Hence,  the  tunneling  mechanism  is  dominated  in  this  region.  Due  to  the  mix  T-X 
coupling  effects,  the  photoexcited  electrons  can  be  efficiently  collected  as  photocurrent. 
The  transmission  probability  calculated  from  the  transfer  matrix  method  (TMM)  is  shown 
in  Figs.  6.1(b)  and  6.1(d)  for  LWIR-stack  and  MWIR-stack,  respectively.  The  peak 
wavelengths  of  E\  ->  £3  transition  for  the  LWIR-stack  and  £,  ->  Ec  transition  for  the 
MWIR-stack  were  found  to  be  10.7  pm  and  4.3  pm,  respectively,  which  are  in  good 
agreement  with  the  measured  peaks,  10.9  pm  and  4.3  pm,  respectively. 

6.3  Results  and  Discussion 

The  test  devices  with  an  active  area  of  200x200  pm2  mesa  structure  were  fabricated 
on  these  QWIP  samples  using  standard  wet  chemical  etching  for  device  characterization 
use.  The  mesa  structure  of  the  MWIR-stack  was  formed  first  by  completely  removing  the 
top  contact  layer  and  the  LWIR-stack,  and  then  by  etching  down  from  the  middle  contact 
layer  to  the  bottom  contact  layer.  The  mesa  structures  of  the  LWIR-stack  and  stacked- 
QWIP  were  formed  by  etching  down  from  the  top  contact  layer  and  stopping  at  the 
middle  and  bottom  contact  layers,  respectively.  A square  ohmic  contact  ring  composed  of 
AuGe/Ni/Au  was  then  deposited  on  the  periphery  of  the  mesa  structure  of  the  highly 
doped  GaAs  contact  layer  and  alloyed  for  ohmic  contacts.  Finally,  the  devices  were 
prepared  with  a 45°  polished  facet  on  the  substrate  for  coupling  incident  IR  radiation  into 
the  multiquantum  wells.  To  study  the  performance  dependence  of  the  QWIP  on  the 
doping  density  and  the  number  of  the  QW  periods,  the  dark  current  versus  bias  voltage 
and  the  spectral  responsivity  measurements  have  been  performed  on  these  devices.  The 
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photocurrent  spectra  were  measured  with  45°  facet  illumination  using  a 0.25  m grating 
monochromator  and  a calibrated  blackbody  source  T = 1000  °C. 

6.3.1  LWIR  TC-OWIPs 

6.3. 1.1  Effects  of  doping  density 

Figures  6.2(a)  and  6.2(b)  show  the  dark  current  density  versus  bias  voltage  (J  - V) 
curves  for  the  20-period  TC-QWIPs  with  doping  densities  of  5x1  O'7  and  lxl O'8  cm'3, 
respectively.  The  higher  doping  density  in  the  QW  shows  a higher  dark  current  which  is 
in  agreement  with  the  thermionic  emission  model,  Eq.  (2.31),  i.e.  the  dark  current  is 
proportional  to  the  thermal-generated  electron  density  under  the  same  electric  field 
condition.  The  BLIP  temperature  for  these  devices  was  found  to  be  60  K for  Vh  < 6 V and 
77  K for  Vh  < 2 V for  the  low  doped  device.  Figures  6.3(a)  and  6.3(b)  show  the  dark 
current  density  versus  bias  voltage  ( J - V)  curves  for  the  40-period  TC-QWIPs  with 
doping  densities  of  5xl017  and  lxlO18  cm'3,  respectively.  The  results  show  a similar 
behavior  with  the  20-period  devices. 

The  responsivity  versus  wavelength,  measured  at  Vh  = 5,  6,  7,  and  -5  V and  T = 60 
K,  for  the  20-period  TC-QWIPs  with  two  different  doping  densities  are  shown  in  Figs. 
6.4(a)  and  6.4(b)  respectively;  the  insets  show  the  linear  dependence  of  the  peak 
wavelength  with  applied  bias  voltage.  Two  main  transition  schemes,  E,  ->  Ec  and  E, 

E},  have  been  observed  in  both  devices.  Higher  doping  device  has  a higher  responsivity 
for  the  E,  — > Ec  transition.  On  the  contrary,  higher  doping  device  has  a lower  responsivity 
for  the  E,  — > E3  transition.  It  is  indicated  that  there  are  different  carrier  transport 
mechanisms  associated  with  these  two  transitions.  More  detailed  analysis  should  be 
surveyed.  The  voltage  tunabilities  for  both  devices  are  ranging  from  9 to  10.7  pm  in  the 
LWIR  band.  Figures  6.5(a)  and  6.5(b)  show  the  responsivity  versus  wavelength, 
measured  at  Vb  = 10,  12,  14,  and  -10  V and  T = 60  K,  for  the  40-period  TC-QWIPs  with 
two  different  doping  densities,  respectively;  the  insets  show  the  linear  dependence  of  the 
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peak  wavelength  with  applied  bias  voltage.  The  results  show  a similar  behavior  with  the 
20-period  devices. 

6.3. 1.2  Effects  of  the  OW  periods 

It  is  interesting  to  note  that  increasing  the  QW  periods  does  not  show  any 
improvement  or  beneficial  effect  in  spectral  responsivity  of  the  QWIP;  the  device  with 
40-period  QWs  requires  two  times  of  bias  voltage  to  produce  the  same  responsivity  as  the 
20  periods  device. 

6.3.2  MWIR  IB-OWIPs 

Figures  6.6  and  6.7  show  the  temperature  dependence  of  the  dark  J-V  for  the  20- 
period  (N301  and  N303)  and  40-period  (N302  and  N304)  MWIR-stacks,  respectively. 
The  higher  doping  density  in  the  QW  shows  a higher  dark  current  which  is  in  agreement 
with  the  thermionic  emission  model.  The  dark  currents  are  several  orders  of  magnitude 
larger  than  expected  even  on  the  basis  of  an  indirect  thermionic  emission  barrier  height  of 
178  meV.  The  300  K window  currents  with  a 180°  FOV  are  also  shown  in  Figs.  6.6  and 
6.7  and  the  BLIP  temperature  is  found  to  be  40  K for  all  four  devices. 

Figures  6.8(a)  and  6.8(b)  show  the  responsivity  spectra  of  the  20-period  MWIR- 
stack  devices  with  doping  densities  of  5x1 0'7  and  lxlO18  cm'3,  respectively.  The  detection 
peak  wavelengths  were  found  to  be  of  4.3  pm  and  were  independent  of  bias  voltage  and 
the  doping  density.  The  peak  responsivities  were  found  to  be  increased  linearly  with  the 
bias  voltage  and  the  doping  density,  and  both  devices  showed  the  PV  response. 

Figures  6.9(a)  and  6.9(b)  show  the  responsivity  spectra  of  the  40-period  MWIR- 
stack  devices  with  doping  densities  of  5xl017  and  lxlO18  cm'3,  respectively.  The  detection 
peak  wavelengths  were  found  to  be  of  4.3  pm  and  were  independent  of  bias  voltage  and 
the  doping  density.  The  peak  responsivities  were  found  to  be  increased  linearly  with  the 
bias  voltage  and  the  doping  density.  Figure  6.10  shows  the  PV  response  for  both  devices. 
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The  peak  responsivity  and  the  peak  detectivity  were  found  to  be  of  0.047  A/W,  1 x 1 012 
cm-Hzl/2/W  and  0.02  A/W,  6.3x10"  cm-Hzl/2/W  at  0 V for  the  40-period  MWIR-stack 
devices,  respectively.  This  large  D*  is  comparable  to  the  MWIR-stack  using  the  direct 
gap  material  InGaAs/InAlAs  grown  on  the  InP  substrate. 

The  performance  dependence  of  the  MWIR-stacks  on  the  doping  density  and  the 
number  of  the  MQW  periods  has  been  studied.  The  results  showed  that  the  higher  doping 
density  in  the  QW,  the  higher  dark  current,  the  responsivity,  and  the  D*  of  the  PV  mode 
will  be  generated  for  the  doping  range  from  5xl017  cm'3  to  lxlO18  cm'3. 

6.3.3  Stacked  IB/TC-OWIPs 

6.3.3. 1 20-period  Stacked  IB/TC-OWIPs 

Figures  6.1 1(a)  and  6.1 1(b)  show  the  dark  J-V curves  measured  at  77,  58,  and  44  K 
for  the  20-period  (N301  and  N303)  two-stack  IB/TC-QWIPs  with  Nd  = 5xl017  and  lxlO18 
cm'3,  respectively.  The  results  show  that  device  (N303)  with  higher  doping  density  in  the 
QW  has  a higher  dark  current  than  the  lower  doped  device  (N301).  The  300  K window 
currents  with  a 180°  FOV  for  both  devices  are  also  included  in  Fig.  6.1 1,  and  the  BLIP 
temperatures  were  found  to  be  35  K and  40  K for  N301  and  N303,  respectively.  Due  to 
the  higher  than  expected  dark  current  in  the  MWIR-QWIP,  the  BLIP  temperatures  of  the 
two-stack  IB/TC-QWIPs  are  limited  by  the  MWIR  IB-QWIPs. 

Figures  6.12(a)  and  6.12(b)  show  the  responsivity  versus  wavelength  for  the  20- 
period  MWIR  and  LWIR  stacked-QWIPs  (N301  and  N303),  respectively,  measured  at  T 
= 40  K.  The  detection  peak  wavelength  was  found  to  be  at  4.3  pm  for  both  devices.  The 
responsivitiy  was  found  to  increase  with  increasing  doping  density  and  bias  voltage.  Both 
photoconductive  (PC)  and  photovoltaic  (PV)  responses  were  observed  for  these  IB- 
QWIPs.  The  peak  responsity  was  found  to  be  of  23  mA/W  and  30  mA/W  at  0 V for  N301 
and  N303  devices,  respectively.  For  LWIR  TC-QWIP  stack,  two  main  response  peaks 
were  observed:  one  is  the  voltage-tunable  E\  — > £3  transition  under  positive  bias  voltages 
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(quantum  confined  Stark  shift  effect)  and  the  other  is  the  E\  ->  Ec  transition  under 
negative  bias  voltages.  The  tunable  peak  wavelengths  were  found  to  be  from  10.2  to  9.6 
pm  and  10  to  9.4  pm  for  N301  and  N303  devices,  respectively,  with  responsivity 
increasing  with  increased  bias  voltage.  Figures  6.13(a)  and  6.13(b)  show  the  bias 
dependence  of  the  peak  responsivity  for  the  20-period  stacked-QWIPs.  It  is  noted  that 
only  MWIR  response  was  observed  for  -5  V < Vb  < 7 V.  The  maximum  peak 
responsivities  in  this  regime  were  found  to  be  0.13  A/W  and  0.21  A/W  for  N301  and 
N303  devices,  respectively,  at  Vb  = 4 V.  Both  the  MWIR  and  LWIR  detection  peaks 
appear  outside  this  bias  range.  Therefore,  using  the  two-stack  QWIP  reported  here  it  is 
possible  to  simultaneously  detect  both  the  MWIR  and  LWIR  bands  at  Vb  > 7 V or  Vb  < - 
5V.  In  addition,  it  is  also  possible  to  use  this  two-stack  IB/TC-QWIP  as  a voltage-tunable 
two-color  or  multi-color  QWIP  for  the  MWIR  and  LWIR  dual  band  detection. 

6. 3. 3. 2 40-period  Stacked  IB/TC-OWIPs 

Figures  6.14(a)  and  6.14(b)  show  the  dark  J-V  curves  for  the  40-period  (N302  and 
N304)  two-stack  IB/TC-QWIPs  with  Nd=5x\011  and  lxl018cm'3,  respectively.  The  300  K 
window  currents  with  a 180°  FOV  are  also  included  in  Fig.  14,  and  the  BLIP 
temperatures  were  found  to  be  45  K and  35  K for  N302  and  N304,  respectively. 

Figures  6.15(a)  and  5.15(b)  show  the  responsivity  versus  wavelength  for  the  40- 
period  stacked-QWIPs  (N302  and  N304),  respectively,  measured  at  T = 40  K and 
different  bias  voltages.  The  detection  peak  wavelength  was  found  to  be  at  4.3  pm  for  the 
MWIR  stack,  and  was  independent  of  the  bias  voltage  and  doping  density.  Contrary  to 
the  20-period  stacked-QWIPs,  no  PV  response  was  observed  in  both  devices.  For  the 
LWIR  stack,  two  to  three  detection  peaks  due  to  £,  —>  £3  and  £,  -»  Ec  transitions  under 

positive  and  negative  bias  voltages  were  found  in  the  LWIR  TC-QWIPs.  The  peak 
detection  wavelengths  were  found  to  be  voltage  tunable  (Stark  shift)  from  9.8  to  9.25  pm 
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and  from  10.2  to  9.7  pm  for  N302  and  N304  devices,  respectively,  with  increasing  bias 
voltage. 

Figures  6.16(a)  and  6.16(b)  show  the  bias  dependence  of  the  peak  responsivity  of 
the  40-period  stacked-QWIPs.  The  MWIR  peak  responsivities  were  found  to  increase 
with  increasing  bias  voltage  for  N302,  while  for  N304,  the  peak  responsivity  was  first 
increased  with  the  applied  bias  voltage  and  it  then  decreased  with  increasing  bias  voltage 
for  -8  V < F*  < 6 V. 


6.4  Conclusions 

Characterizations  of  the  four  sets  of  the  two-stack  IB/TC-QWIPs,  with  two  different 
doping  densities  (Nd=  5x1  O'7  cm'1  and  lxlO18  cm'3)  and  two  different  numbers  of  the  QW 
periods  (20  and  40  periods),  have  been  performed  to  study  their  effects  on  the 
performance  of  these  devices.  The  responsivity  of  the  MWIR  IB-QWIPs  was  found  to 
increase  with  increasing  doping  density,  while  for  LWIR  TC-QWIPs  the  responsivity  was 
found  to  be  nearly  independent  of  the  doping  density.  Study  of  the  effect  of  the  number 
of  QW  periods  revealed  that  the  responsivity  of  the  20-period  stacked-QWIPs  is  better 
than  those  of  the  40-period  stacked-QWIPs.  The  two-stack  IB/TC-QWIPs  reported  here 
maybe  used  to  detect  simultaneously  two  colors  in  the  MWIR  and  LWIR  bands  at  the 
same  bias  voltage  (see  Figs.6.14  and  6.16).  It  can  also  be  used  as  a voltage  tunable  (PV 
and  PC  mode  operation)  two-  or  three-color  QWIP  for  the  MWIR  and  LWIR  dual-band 
detection.  Strong  quantum  confined  Stark  effect  (QCSE)  due  to  (£,  -»  £, ) transition  was 
observed  in  the  TC-QWIPs,  enabling  the  peak  detection  wavelength  to  be  tuned  by  the 
applied  bias  voltage  in  the  8-12  pm  LWIR  band.  Optimization  of  device  parameters  in 
the  two-stack  IB/TC-QWIPs  should  further  improve  the  performance  of  this  stacked 
QWIP  for  the  MWIR  and  LWIR  dual-band  detection. 
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Table  6.1.  Layer  structures  of  the  2-color  2-stack  IB/TC  QWIP. 


Layer 

Thickness  (A) 

Dopant 

Concentration  (cm'3) 

n GaAs  (top  contact) 

3000 

Si 

2xl018 

i Alo.2iGao.7gAs 

500 

— 

— 

n In005Ga095As 

# period 
(LWIR) 

72 

Si 

QW-doping 

i AIq.2 1 Gao79As 

11 

— 

— 

i GaAs 

40 

— 

— 

i AI0.2 1 Ga^  79As 

11 

— 

— 

i GaAs 

40 

— 

— 

i AlojiGao79As 

500 

— 

— 

n GaAs  (middle  contact) 

5000 

Si 

2xl018 

* Alo.55Gao.45AS 

500 

— 

— 

n GaAs 

# period 
(MWIR) 

30 

Si 

QW-doping 

i Alo^sGa©  45  As 

500 

— 

— 

n GaAs  (bottom  contact) 

5000 

Si 

2xl018 

S.I.  GaAs  substrate 

635  +/-  25  pm 

— 

— 

Note:  # Period  and  QW-doping 


Part  # 

# Period 

QW-doping  (cm'3) 

N301 

20 

X 

o 

N302 

40 

5xl017 

N303 

20 

lxlO18 

N304 

40 

X 

o 

oo 
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Figure  6. 1 . The  schematic  conduction  band  diagrams,  (a)  and  (c),  and  the 
transmission  probabilities,  (b)  and  (d)  of  the  two-stack  IB/TC  QWIP. 
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Figure  6.2.  Dependence  of  the  dark  J-V  for  the  20-period  LWIR-stack 
on  dop  ing  density , (a)  5x1 0 1 7 and  (b)  1 xl  0 1 8 cm'3. 
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Figure  6.3.  Dependence  of  the  dark  J-Vior  the  40-period  LWIR-stack 
on  doping  density,  (a)  5xl017  and  (b)  lxlO18  cm'3. 
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Figure  6.4.  Dependence  of  the  spectral  responsivity  for  the  20-period 
LWIR-stack  on  doping  density,  (a)  5x10 17  and  (b)  lxlO18  cm'3. 
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Figure  6.5.  Dependence  of  the  spectral  responsivity  for  the  40-period 
LWIR-stack  on  doping  density,  (a)  5x10 17  and  (b)  lxlO18  cm'3. 
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Figure  6.6.  Dependence  of  the  dark  J-V  for  the  20-period  M WIR-stack 
on  doping  density,  (a)  5xl017  and  (b)  lxlO18  cm'3. 
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Figure  6.7.  Dependence  of  the  dark  J-  V for  the  40-period  M WIR-stack 
on  doping  density,  (a)  5xl017  and  (b)  lxlO18  cm'3. 
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Figure  6.8.  Dependence  of  the  spectral  responsivity  for  the  20-period 
M WIR-stack  on  doping  density,  (a)  5xl017  and  (b)  lxlO18  cm'3. 
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Figure  6.9.  Dependence  of  the  spectral  responsivity  for  the  40-period 
MWIR-stack  on  doping  density,  (a)  5xl017  and  (b)  lxlO18  cm'3. 


RESPONSMTY 


75 


WAVELENGTH  (pm) 


Figure  6.10.  The  PV  spectral  responsivity  of  the  40-period  M WIR-stack. 
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Figure  6. 1 1 . Dependence  of  the  dark  J-V  for  the  20-period  stacked-QWIP 
on  doping  density,  (a)  5xl017  and  (b)  lxl  01 8 cm'3. 
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Figure  6.12.  Dependence  of  the  dark  J-  V for  the  40-period  stacked-QWIP 
on  doping  density,  (a)  5xl017  and  (b)  lxl 018  cm'3. 
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Figure  6. 1 3.  Dependence  of  the  spectral  responsivity  for  the  20-period 
stacked-QWlP  on  doping  density,  (a)  5xl017  and  (b)  lxlO18  cm"3. 
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Figure  6.14.  Bias  dependence  of  the  peak  responsivity  for  the  20-period 
stacked-QWIP  with  different  doping  density,  (a)  5x1 01 7 and  (b)  lxlO18  cm’3. 
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Figure  6. 15.  Dependence  of  the  spectral  responsivity  for  the  40-period 
stacked-QWIP  on  doping  density,  (a)  5xl017  and  (b)  lxlO18  cm'3. 
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Figure  6. 1 6.  Bias  dependence  of  the  peak  responsivity  for  the  40-period 
stacked-QWIP  with  different  doping  density,  (a)  5x10 17  and  (b)  lxl  018  cm’3. 


CHAPTER  7 

A HIGH  PERFORMANCE  HIGH  STRAIN  TRIPLE-COUPLED 
QUANTUM  WELL  INFRARED  DETECTOR 

7.1  Introduction 

Quantum  well  infrared  photodetectors  (QWIPs)  based  on  high-strain  InGaAs 
material  grown  on  GaAs  substrate  [17,  37,  67,  68,  76]  have  been  widely  investigated  in 
recent  years  for  both  3 - 5 pm  mid- wavelength  and  8 - 14  pm  long- wavelength  infrared 
detection.  Due  to  the  quantum  mechanical  selection  rule  as  described  in  chapter  2,  the 
intersubband  absorption  under  normal  incident  illumination  is  usually  not  allowed  in  n- 
type  QWIPs.  As  a result,  a metal  or  dielectric  grating  coupler  [1 1,  48,  77]  is  required  for 
most  rt-type  QWIPs  in  order  to  achieve  normal  incident  absorption.  The  unique  feature  of 
these  high  strain  QWIPs  is  that  a large  normal  incident  absorption  without  a grating 
coupler  has  been  observed,  which  has  a responsivity  ratio  of  the  normal  incidence  to  the 
45°  incidence  ranging  from  30  % to  50  %.  It  indicates  that  high  sensitivity  gratingless 
normal  incidence  /i-type  QWIPs  can  be  achieved  by  optimizing  the  QWIP’s  structure.  In 
addition,  it  can  greatly  reduce  the  fabricating  complexity  which  can  significantly  lower 
the  cost  of  «-type  QWIP  focal  plane  arrays  (FPAs). 

In  chapter  4 we  have  demonstrated  a new  voltage-tunable  multicolor  lightly  strained 
InGaAs/AlGaAs/GaAs  triple-coupled  quantum  well  infrared  photodetector  (TC-QWIP) 
for  7 - 14  pm  detection.  In  addition,  a high-strain  InGaAs/GaAs/AlGaAs  MWIR-QWIP 
depicted  in  chapter  5,  also  showed  a large  normal  incident  absorption.  In  this  chapter  a 
high  sensitivity  triple-coupled  quantum  infrared  photodetector  (TC-QWIP)  using  high- 
strain  «-type  In{)25Ga0  75As/AlollGaQg9As/Inol2Gaog8As  asymmetrical  coupled  quantum 
well  structure  has  been  developed  for  8 - 14  pm  LWIR  detection. 
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7.2  Device  Growth  and  Fabrications 

Figure  7.1(a)  shows  the  schematic  diagram  of  the  conduction  band  and  the  bound 
state  energy  levels  for  this  high-strain  TC-QWIP  structure,  and  Fig.  7.1(b)  shows  the 
calculated  transmission  probability  under  zero  bias  condition.  It  consists  of  a highly 
doped  (n  = 7xlOi7  cm'3)  high-strain  (HS)  Ir^^Ga^As  quantum  well  of  5.5  nm  thick,  two 
undoped  thin  Al01 , Gao89As/Ino , 2Ga08gAs  (2/4  nm  layer  thickness)  quantum  wells 
separated  by  a 50  nm  Alo  llGao89As  barrier  layer;  the  structure  is  repeated  5 and  10  times 
in  series  to  form  a two-stack  HS  TC-QWIP  with  5-period  and  10-period  multiquantum 
wells.  Finally,  a 0.1  pm  thick  undoped  GaAs  layers  [78,  79]  was  grown  between  the 
multiquantum  wells  and  the  top  and  bottom  GaAs  contact  layers  (both  doped  to  n = 
2x1  O'8  cm'3)  to  reduce  the  tunneling  current  from  contacts  to  QWs  which  results  in  a 
lower  dark  current. 

For  the  TC-QWIP,  due  to  the  strong  coupling  effect  of  the  three  asymmetrical  QWs 
and  two  thin  AlGaAs  barriers,  the  bound  states  in  the  InzGa,.zAs  QWs  and  the  first 
excited  state  in  the  InxGa,.xAs  QW  are  coupled  to  form  the  second  (£2)  and  third  (£3) 
bound  states  inside  the  TC-QWs  as  illustrated  in  Fig.  7.1(a).  The  intersubband  transition 
for  this  TC-QWIP  is  dominated  by  the  E,  ->  E}  (XI3  = 10.9  pm  at  0 V)  bound-to-bound 
(BTB)  state  transition,  while  a secondary  photoresponse  peak  due  to  E,  — > Ec  (Xu  = 8.8 
pm  at  0 V)  bound-to-continuum  (BTC)  state  transition  was  also  observed  in  this  device. 

The  test  structures  with  an  active  area  of  200x200  pm2  were  fabricated  on  the 
QWIP  samples  by  standard  wet  chemical  etching  for  device  characterization  use.  The 
mesa  structure  of  the  5-period  HS  TC-QWIP  was  formed  first  by  completely  removing 
the  top  contact  layer  and  the  10-period-stack,  and  then  by  etching  down  from  the  middle 
contact  layer  to  the  bottom  contact  layer.  The  mesa  structure  of  the  1 0-period  HS  TC- 
QWIP  was  formed  by  etching  down  from  the  middle  contact  layer  to  the  bottom  contact 
layer.  A square  ohmic  contact  ring  composed  of  AuGe/Ni/Au  was  then  deposited  on  the 
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periphery  of  the  mesa  structure  of  the  highly  doped  contact  layers  and  alloyed  for  the 
ohmic  contacts.  Finally,  the  devices  were  prepared  both  with  45°  polished  facet  on  the 
substrate  for  coupling  incident  IR  radiation  into  the  quantum  wells  and  with  a front-side 
normal  incident  illumination. 

7.3  Results  and  Discussion 

7.3.1  Dark  Current  Measurements 

Figure  7.2  shows  the  temperature  dependence  of  the  dark  J-V  of  the  5-period  HS 
TC-QWIP.  The  dark  J-V  curves  show  an  asymmetric  behavior  which  is  a common  result 
for  the  w-type  QWIPs.  The  300  K window  currents  with  a 180°  FOV  was  also  shown  in 
Fig.  7.2,  and  the  BLIP  temperature  was  found  to  be  65  K with  bias  voltages  up  to  -3  V. 
This  is  5 K higher  than  the  previous  lightly  strained  TC-QWIP  discussed  in  chapter  4. 
Figure  7.3  shows  the  temperature  dependence  of  the  dark  J-V  of  the  10-period  HS  TC- 
QWIP.  The  dark  J-V  curves  show  a similar  behavior  as  those  of  the  5-period  HS  TC- 
QWIP.  The  300  K window  currents  with  a 180°  FOV  was  also  shown  in  Fig.  7.3,  and  the 
BLIP  temperature  was  found  to  be  65  K with  biases  up  to  -5  V,  which  is  same  as  the  5- 
period  QWIP.  For  comparison,  Fig.  7.4  shows  the  dark  J-V  versus  the  electric  field 
(assumed  the  bias  voltage  is  uniformly  distributed  across  the  whole  structure)  for  the  5- 
and  10-period  TC-  QWIPs  at  77  K.  The  result  shows  that  the  5-period  device  has  a higher 
dark  current  than  that  of  the  10-period  QWIP  under  same  applied  electric  field. 

7.3.2  Photoresponse  Measurements 

The  photocurrent  spectra  were  measured  with  45°  facet  illumination  and  with  front- 
side normal  incidence  illumination  using  a 0.25  m grating  monochromator  and  a 
calibrated  blackbody  source  at  T — 1000°  C.  Figure  7.5  shows  the  spectral  responsivity  of 
the  5-period  HS  TC-QWIP  measured  with  a 45°  facet  at  Vh  = -3,  -2.8  and  -2.6  V and  T = 
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30  K;  the  inset  shows  the  linear  dependence  of  the  peak  wavelengths  for  both  E , -»  E} 
and  E,  -»  Ec  transitions  with  the  applied  bias  voltage.  The  wavelength  tunabilities  for  this 
device  are  ranging  from  6.9  to  7.3  pm  and  9.6  to  10.1  pm  for  the  E , -»  Ec  and  E,  -»  E} 
transitions,  respectively.  The  interpolated  peak  wavelengths  at  zero  bias  are  found  to  be 
8.6  pm  and  11.1  pm  for  the  E,  ->  E(  and  E,  — > E}  transitions,  respectively,  which  are  in 
good  agreement  with  calculated  peak  wavelengths  at  zero  bias:  8.8  pm  and  10.9  pm, 
respectively,  as  shown  in  Fig.  7.1(b).  The  peak  responsivities  were  found  to  be  increased 
with  the  bias  voltage  up  to  -3  V and  the  maximum  peak  responsivity  was  found  to  be  of 
2.77  A/W  at  Xp  = 9.6  pm,  Vh  = -3  V and  T = 30  K.  We  also  measured  the  spectral 
responsivity  of  this  device  with  a front-side  normal  incidence  illumination.  The  results 
are  shown  in  Fig.  7.6  along  with  those  of  45°  facet  illumination.  It  is  found  that  the 
responsivity  ratios  of  the  normal  incidence  to  the  45°  incidence  are  55  % - 75  % and  60  % 
- 80  % for  the  E,  -»  Ec  and  E,  ->  E}  transitions,  respectively.  Figure  7.7  shows  the 
spectral  responsivity  of  the  10-period  HS  TC-QWIP  measured  with  a 45°  facet 
illumination  at  Vh  = -5,  -4.5  and  -4  V and  T=  30  K;  the  inset  shows  the  linear  dependence 
of  the  peak  wavelengths  for  both  E,  -»  E}  and  E,  -»  Ec  transitions  with  the  applied  bias 
voltage.  The  wavelength  tunabilities  and  the  peak  responsivities  for  this  device  are  found 
to  be  almost  the  same  as  those  of  5-period  device,  but  reqires  a higher  bias  voltage 
applied  to  the  device.  Figure  7.8  shows  the  peak  responsivities  versus  the  bias  voltage  for 
both  the  normal  incidence  and  45°  incidence  devices  measured  at  T = 30  K.  It  is  found 
that  the  responsivity  ratios  of  the  normal  incidence  to  the  45°  incidence  are  30  % - 40  % 
and  50  % - 60  % for  the  E,  — » E(  and  E,  — > E}  transitions,  respectively,  which  are  lower 
than  those  of  the  5-period  device.  Figure  7.9  shows  the  temperature  dependence  of  the 
peak  responsivity  for  the  E,  ->  E}  transition  versus  the  electric  field  with  a 45°  incidence 
illumination.  From  the  results  of  this  study,  it  is  found  that  (1)  the  5-period  device  has 
larger  peak  responsivity  than  those  of  the  10-period  device  under  the  same  temperature 
and  electric  field  conditions  and  (2)  for  each  same  period  device,  the  peak  responsivity  is 
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increased  by  up  to  200  % when  the  temperature  was  increased  from  30  K to  77  K,  and  (3) 
both  devices  show  very  large  normal  incidence  absorption. 

7.3.3  Detectivity 

Figures  7.10  and  7.11  show  the  calculated  detectivities  for  both  5-period  and  10- 
period  devices  at  77  K and  BLIP  temperature  65  K,  respectively,  using  the  noise  model 
[66]  by  Wang  et  al.  The  results  show  that  the  10-period  device  has  a higher  non-BLIP 
detectivity  of  2.93x1 010  cm-Hz'YW  at  \ = 9.8  pm,  Vb  = -4.5  V and  77  K,  but  the  5-period 
device  has  a higher  BLIP  detectivity  of  4.41  xlO10  cm-Hz'YW  at  \ = 9.6  pm,  Vb  = -3  V 
and  65  K. 


7.4  Conclusions 

In  conclusion,  we  have  demonstrated  a very  high  performance  voltage-tunable  TC- 
QWIP  using  high-strain  «-type  In^Oa^As/Al,,  n Gao  ^As/Ify,  2Gaog8As  asymmetrical 
coupled  quantum  well  structure  for  8 - 14  pm  LWIR  detection.  The  maximum 
responsivities  at  Xp  = 9.6  pm  were  found  to  be  1 .71  A/W  and  2.77  A/W  at  Vb  = -2.8  V,  -3 
V and  T=  77  K,  30  K,  respectively,  for  the  5-period  device.  For  the  10-period  device,  the 
maximum  responsivities  were  found  to  be  1.3  A/W  and  2.71  A/W  at  \ = 9.8  pm,  Vh  = - 
4.5  V,  and  T = 77  K,  and  at  Xp  = 9.6  pm,  Vb  = -5  V,  and  T = 30  K,  respectively.  The 
maximum  detectivities  were  found  to  be  1.44x10'°  cm-Hz'VW  and  2.93x1 0'°  cm-Hz'VW 
at  \ = 9.9  pm,  Vb  = - 2.6  V and  T=  77  K,  and  at  \ = 9.8  pm,  Vb  = -4.5  V,  and  T = 77  K 
for  the  5-period  and  1 0-period  devices,  respectively.  It  is  shown  that  this  HS  TC-QWIP 
can  be  used  as  a voltage-tunable  two-color  or  multicolor  QWIP  for  lower  background 
LWIR  detection.  In  addition,  the  device  shows  very  large  normal  incidence  absorption, 
which  offers  the  excellent  possibility  for  fabricating  low  cost,  large  area  gratingless  TC- 
QWIP  focal  plane  arrays  (FPAs)  for  IR  imaging  camera  applications. 
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Figure  7.1.  (a)  The  schematic  conduction  band  diagram  and  (b)  the  transmission 

coefficient  of  the  high  strain  TC-QWIP  for  LWIR  detection. 
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Figure  7.2.  The  dark  J-V curves  for  the  5-period  HS  TC-QWIP. 
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Figure  7.3  The  dark  J-V curves  for  the  10-period  HS  TC-QWIP. 
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Figure  7.4.  The  dark  current  density  versus  electric  field  at  77  K for  both  5-period  and 
10-period  HS  TC-QWIPs. 
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Figure  7.5.  The  spectral  responsivities  for  the  5-period  HS  TC-QWIP  with  a 45° 
incidence  measured  at  30  K. 
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Figure  7.6.  The  peak  responsivities  versus  bias  for  the  5-period  HS  TC-QWIP  with  45° 
incidence  and  normal  incidence  measured  at  30  K. 
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Figure  7.7.  The  spectral  responsivities  for  the  10-period  HS  TC-QWIP  with  a 45° 
incidence  measured  at  30  K. 


PEAK  RESPONSMTY  (A/W) 


94 


Figure  7.8.  The  peak  responsivities  versus  bias  for  the  10-period  HS  TC-QWIP  with  45° 
incidence  and  normal  incidence  measured  at  30  K. 
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Figure  7.9.  The  temperature  dependence  of  the  peak  responsivities  for  the  E,  ->  E} 
transition  versus  electric  field  with  a 45°  incidence. 
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Figure  7.10.  Detectivity  versus  electric  field  for  the  high  strain  TC-QWIP  at  77  K. 
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Figure  7.1 1.  BLIP  detectivity  versus  electric  field  for  the  high  strain  TC-QWIP  at  65  K. 


CHAPTER  8 

SUMMARY  AND  CONCLUSIONS 


In  this  dissertation,  we  investigate  three  new  types  of  multicolor  n-type  quantum 
well  infrared  photodetectors  (QWIPs)  for  3 - 5 pm  mid-wavelength  infrared  (MWIR)  and 
8 - 14  pm  long- wavelength  infrared  (LWIR)  dual-band  detection.  These  are  (1)  a MWIR 
GaAs/AlAs/AlGaAs  and  a LWIR  GaAs/AlGaAs  stacked  QWIP,  (2)  a two-stack  two- 
color  high  strain  InGaAs/ GaAs/Al GaAs  MWIR  and  a GaAs/AlGaAs  LWIR  QWIP,  and 
(3)  a two-stack  indirect-barrier/triple-coupled  (IB/TC)  QWIP.  In  addition,  three  voltage- 
tunable  multicolor  «-type  InGaAs/GaAs/AlGaAs  triple-coupled  (TC-)  QWIPs  with 
different  indium  compositions  and  doping  densities  in  the  quantum  well  are  developed 
for  the  7 - 14  pm  LWIR  detection.  These  QWIP  structures  were  grown  by  the  molecular 
beam  epitaxy  (MBE)  technique.  Detectivity  ranging  from  109  to  mid  10"  cm-Hz'VW  was 
obtained  for  these  QWIPs  at  T — 77  K.  We  have  also  developed  a very  high  performance 
voltage-tunable  multicolor  TC-QWIP  for  the  LWIR  detection  using  high-strain 
InGaAs/AlGaAs/InGaAs  material  systems,  which  has  achieved  a very  high  responsivity 
of  1.3  A/W  and  an  estimated  detectivity  of  2.93  xlO10  cm-Hz'YW  at  \ = 9.6  pm,  Vh  = - 
4.5  V,  and  T = 77  K under  45°  facet  illumination.  This  device  also  shows  very  large 
normal  incidence  absorption,  leading  to  the  possibility  of  fabricating  large  area 
gratingless  HS  TC-QWIP  FPAs  for  IR  imaging  applications. 

First,  we  demonstrated  a new  two-color  two-stack  MWIR  GaAs/AlAs/AlGaAs 
BTQB  QWIP  and  LWIR  GaAs/AlGaAs  BTM  QWIP  with  photovoltaic  (PV)  and 
photoconductive  (PC)  dual-mode  operation  in  the  3 - 5 pm  and  8 - 14  pm  atmospheric 
spectral  windows.  The  PV  mode  detection  scheme  uses  transition  from  the  ground-state 
to  the  quasi-bound  state  of  the  MWIR-QWIP.  The  PC  mode  detection  scheme  has  two 
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different  transitions,  one  is  similar  to  the  PV  detection  scheme  and  the  other  uses 
transition  from  the  ground-state  to  the  miniband  of  the  LWIR-QWIP.  The  peak 
responsivity  at  zero  bias  (PV  mode)  was  found  to  be  17  mA/W  at  \ = 4.1  pm,  T=  50  K, 
with  a AX/Xp  = 1 5 %.  The  peak  responsivities  for  the  PC  mode  detection,  were  found  to 
be  25  mA/W  at  \ = 4.1  pm,  Vh  = 1 V,  and  T = 50  K,  and  0.12  A/W  at  \ = 1 1.6  pm,  V„  = 
3.2  V,  T=  50  K,  with  a bandwidth  of  AXIXp  - 1 8 %.  The  PV  responsivity  was  found  to  be 
68  % of  the  PC  responsivity  at  Xp  = 4.1  pm  and  T=  50  K,  demonstrating  the  ability  for  an 
efficient  PV  mode  operation  at  3 - 5 pm  MWIR  band. 

Next,  we  demonstrated  a new  voltage-tunable  multicolor  triple-coupled  quantum 
well  infrared  photodetector  (TC-QWIP)  for  LWIR  detection.  Two  TC-QWIP  structures, 
QWIP-  A and  B,  with  different  quantum  well  and  barrier  parameters  have  been  fabricated 
and  analyzed.  Using  quantum  confined  Stark  shift  effect,  the  wavelength  tunability  by  the 
applied  bias  voltage  in  the  wavelength  range  of  8.2  - 9.1  pm  and  10.8-11.5  pm  for 
QWIP-  A and  B,  respectively,  have  been  demonstrated  in  this  work.  Multi-wavelength 
photoresponses  have  been  observed  in  both  QWIP-  A and  B under  different  bias  voltages 
and  polarity  conditions.  As  predicted  by  the  theoretical  calculations,  the  (£,  £3) 

transition  is  the  dominant  process  responsible  for  the  observed  large  photoresponsivity  in 
both  devices. 

Third,  a high-strain  two-stack,  two-color  QWIP  has  been  demonstrated  with  very 
high  performance.  The  device  has  35  % of  indium  in  the  QW  of  the  MWIR  stack  which 
produces  high  in-plane  compressive  strain.  This  strain  enhances  the  responsivity  of  the 
MWIR  stack  while  allowing  the  detection  spectrum  to  cover  the  point  of  interest  in  the 
MWIR  region.  The  detection  peak  wavelengths  are  at  4.3  pm  and  9.6  pm  and  the 
corresponding  maximum  responsivities  are  0.65  A/W  and  0.55  A/W  for  the  MWIR  and 
LWIR  stacks,  respectively,  with  45°  light  incidence.  Normal  incidence  without  grating 
coupling  also  achieved  responsivity  of  0.25  A/W  for  either  one  stack. 
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Fourth,  characterizations  of  four  two-stack  IB/TC-QWIPs,  with  different  doping 
densities  (Nd=  5x1  O' 7 cm'1  and  lx  10' 8 cm'3)  and  different  quantum  well  (QW)  periods  (20 
and  40  periods)  have  been  performed  to  study  the  effects  of  doping  density  and  QW 
period  on  the  performance  of  these  devices.  The  responsivity  of  the  MWIR  IB-QWIPs 
was  found  to  increase  with  increasing  doping  density,  while  for  LWIR  TC-QWIPs  the 
responsivity  was  found  to  vary  very  little  with  the  doping  density.  Study  of  the  effect  of 
QW  period  reveals  that  the  responsivity  of  the  20-period  stacked-QWIP  is  better  than  that 
of  the  40-period  stacked-QWIP.  The  two-stack  IB/TC-QWIPs  reported  here  maybe  used 
to  detect  simultaneously  two  colors  in  the  MWIR  and  LWIR  bands  at  the  same  bias 
voltage.  It  can  also  be  used  as  a voltage  tunable  (PV  and  PC  mode  operation)  two-  or 
three-color  QWIP  for  MWIR  and  LWIR  dual  band  detection. 

Fifth,  we  demonstrated  a very  high  performance  TC-QWIP  using  high  strain  «-type 
Ino^GaQTjAs/Alo^GaogqAs/Ino  ijGao^As  asymmetrical  coupled  quantum  well  structure 
for  8-14  pm  LWIR  detection.  The  maximum  responsivities  at  Xp  = 9.6  pm  were  found 
to  be  1.71  A/W  and  2.77  A/W  at  V„  = -2.8  V,  -3  V and  77  K,  30  K,  respectively,  for 
the  5-period  device.  For  the  10-period  device,  the  maximum  responsivities  were  found  to 
be  1 .3  A/W  and  2.71  A/W  at  Xp  = 9.7  pm,  Vh  = -4.5  V,  and  T = 77  K,  and  at  Xp  = 9.6  pm, 
Vh  = -5  V,  and  T = 30  K,  respectively.  The  maximum  detectivities  were  found  to  be 
1.44x10'°  cm-Hz'VW  and  2.93x10'°  cm-Hz'/!/W  at  Xp  = 9.8  pm,  Vh  = -2.6  V and  T=  77  K, 
and  at  Xp  - 9.8  pm,  Vh  = -4.5  V,  and  T = 77  K for  the  5-period  and  10-period  devices, 
respectively.  It  is  shown  that  this  HS  TC-QWIP  can  be  used  as  a voltage-tunable  two- 
color  or  multicolor  QWIP  for  lower  background  LWIR  detection.  Furthermore,  due  to  the 
very  high  responsivity  and  large  normal  incidence  absorption  observed  in  this  device,  it  is 
possible  to  fabricate  large  area  FPAs  without  using  the  grating  coupler  in  this  HS  TC- 
QWIP. 

Table  8.1  compares  the  device  performance  of  the  «-type  QWIPs  developed  in  this 
work  and  those  published  in  the  literature  by  other  researchers.  The  results  show  that 
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QWIP-7  (HS  TC-QWIP,  described  in  chapter  7)  has  the  highest  responsivity  with  45° 
incidence  and  T = 77  K.  Figure  8.1  shows  the  detectivity  versus  cutoff  wavelength  for  the 
n-type  QWIPs  which  are  studied  in  this  dissertation  and  those  published  in  the  literature. 
The  straight  line  is  the  result  calculated  from  an  empirical  formula,  which  is  given  by  [12] 

D'c  = 1.1  x 10VV(2*r)  cmVHz  / W, 

where  Ec  is  cutoff  energy  and  T = 77  K is  the  operating  temperature.  The  results  also 
show  that  the  HS  TC-QWIP  has  an  outstanding  performance  at  the  cutoff  wavelength  of 
10.2  pm. 

There  are  several  works  need  to  be  surveyed.  Due  to  the  high  performance  and  the 
wavelength  tunability  of  the  HS  TC-QWIP  for  the  LWIR  detection,  it  is  recommended  to 
design  a similar  structure  for  the  MWIR  detection  and  a broadband  HS  TC-QWIP  using 
stacked  structure  for  the  8—14  pm  LWIR  detection.  In  addition,  a theoretical  model  of 
the  HS  TC-QWIP  should  be  explored  to  optimize  the  device.  We  have  also  shown  that 
high  performance  gratingless  MWIR  and  LWIR  QWIPs  can  be  achieved  using  the  high- 
strain  InGaAs/AlGaAs  material  systems  grown  on  the  GaAs  substrate.  Several  theoretical 
models  have  been  proposed  to  explain  this  phenomenon,  but  none  of  these  theories  can 
quantitatively  explain  the  experimental  data.  Therefore,  a theoretical  exploring  on  the 
normal  incident  absorption  should  be  surveyed.  The  goal  of  this  study  is  to  achieve  an 
optimized  gratingless  two-stack  QWIP  for  the  3 - 5 pm  MWIR  and  8 - 14  pm  LWIR 
dual-band  detection. 
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Table  8.1.  A comparison  of  the  device  performance  of  «-type  LWIR  QWIPs  developed 
in  this  work  and  those  published  in  the  literature. 


QWIP 

Bias  (V) 

T(  K) 

K (pm) 

coupling 

method 

R;  (A/W) 

D'  (cm-Hz'VW) 

1 

-3 

70 

8.5 

45° 

0.3 

2x10" 

2 

1.25 

77 

8.8 

90° 

0.23 

1x10'° 

3 

-2 

60 

9.1 

2D-grating 

0.36 

8xl010 

4 

7 

60 

9.3 

45° 

0.19 

1x10'° 

5 

2 

70 

9.4 

45° 

0.55 

1.8x10'“  (BLIP) 

90° 

0.2 

l.lxl  010  (BLIP) 

6 

-4 

60 

9.6 

45° 

0.03 

lxlO10  (BLIP) 

7 

-4.5 

77 

9.8 

45° 

1.3 

2.9x10'° 

8 

2.5 

77 

9.8 

45° 

0.6 

1.7x10'° 

90° 

0.2 

1x10'° 

9 

3 

70 

9.8 

45° 

1.2 

2x10'° 

10 

-2 

50 

10.2 

45° 

0.26 

1x10'°  (BLIP) 

11 

4 

40 

11.2 

45° 

0.33 

1.6x10'°  (BLIP) 

note:  1 - BTQB  QWIP,  Gunapala  et  al.  [60], 

2 - Normal  incidence  InGaAs/GaAs  QWIP,  Wang  et  al.  [76]. 

3 - E-QWIP,  Beck  et  al.  [59], 

4 - TC-QWIP  C (Chapter  6). 

5 - Two-stack  two-color  high  strain  QWIP  (Chapter  5). 

6 - 3-color  QWIP,  Tidrow  et  al.  [62]. 

7 - HS  TC-QWIP  (Chapter  7). 

8 - Normal  incidence  InGaAs/GaAs  QWIP,  Karunasiri  et  al.  [37], 

9 - BTC  QWIP,  Bethea  et  al.  [58], 

10  - BTC  QWIP,  Levine  et  al.  [80]. 

1 1 - TC-QWIP  B (Chapter  4). 
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Figure  8.1.  Detectivity  versus  cutoff  wavelength  for  the  /j-type  QWIPs  developed  in 
this  work  and  those  published  in  the  literature. 


APPENDIX  1 

GLOSSARY  OF  SYMBOLS 


absorption  coefficient 
lattice-mismatch  strain 
noise  spectral  bandwidth 

phase  of  the  particle  wave  function  in  the  specific  layer 

spin-orbit  splitting  energy 

activation  energy 

bandoffset  of  the  conduction  band 

energy  gap  discontinuity 

hydrostatic  component  of  the  strain-induced  energy  shift 

shear  uniaxial  component  of  the  strain-induced  energy  shift 

bandoffset  of  the  valance  band 

dielectric  constant 

wave  function  of  electron 

full  width  at  half  maximum 

quantum  efficiency 

cutoff  wavelength 

peak  wavelength 

permeability  in  vacuum 

electron  mobility 


frequency 

two-dimensional  electron  density 

cross-section  area  for  electron  trapping  into  the  ground  state 
lifetime 

angular  frequency 
lattice  constant  of  the  strained-layer 
lattice  constant  of  the  substrate 
area  of  detector 

magnitude  of  the  particle  wave  function  in  the  specific  layer 
speed  of  light  in  vacuum 
elastic  constants 

non-BLIP  peak  detectivity 

BLIP  detectivity 
electron  charge 
barrier  height 
cutoff  energy 
Fermi  energy 
energy  bandgap 
energy  level 

electron-electron  exchange  energy 
electric  field 
dipole  oscillator  strength 
optical  gain 


Plack’s  constant 
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n 

i 

iA 

ho 

L 

K 

J 

Jd 

k 

K 

K 

k. 

K 

U 

m 

^mi 

Nc 

Nd 

N 

11  t/w 

Qc 

Qv 

T 


h/(2n) 

current 

integrated  absorption  strength 

intensity  of  the  incident  background 

dark  current 

noise  current 

current  density 

dark  current  density 

Boltzman’s  constant 

wavevector  in  the  well 

wavevector  in  the  barrier 

wavevector  in  the  growth  direction 

well  width 

barrier  width 

effective  mass  of  electron 

effective  mass  of  electron  in  the  barrier 

dipole  matrix  element 

effective  mass  of  electron  in  the  well 

effective  density  of  states  of  the  conduction  band 

doping  density 

number  of  quantum  well 

bandoffset  ratio  of  the  conduction  band 

bandoffset  ratio  of  the  valence  band 

temperature 


background  temperature 
transmission  coefficient 
current  responsivity 
peak  current  responsivity 

conduction  band  potential  energy  in  the  growth  direction 

externally  applied  bias  voltage 

conduction-band  deformation  potential 

drift  velocity 

saturation  drift  velocity 

shear  deformation  potential 

blackbody  spectral  density 

z-axis,  growth  direction 


APPENDIX  2 
ACRONYMS 


1-D 

one-dimensional 

2-D 

two-dimensional 

BLIP 

background  limited  performance 

BTB 

bound-to-bound 

BTC 

bound-to-continuum 

BTMB 

bound-to-miniband 

BTQB 

bound-to-quasi-bound 

CSL 

compressively  strained-layer 

DB 

double-barrier 

DB-QWIP 

double-barrier  quantum  well  infrared  photodetector 

DBQW 

double-barrier  quantum  well 

FOV 

field  of  view 

FLIR 

forward  looking  infrared 

FPA 

focal  plane  array 

FWHM 

full  width  at  half  maximum 

HS 

high-strain 

HS  TC-QWIP 

high-strain  triple-coupled  quantum  well  infrared  photodetector 

I-V 

dark  current  versus  bias  voltage 

IB 

indirect-barrier 
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IB-QWIP 

indirect-barrier  quantum  well  infrared  photodetector 

IR 

infrared 

J-V 

dark  current  density  versus  bias  voltage 

LWIR 

long-wavelength  infrared 

MBE 

molecular  beam  epitaxy 

MCT 

HgCdTe 

MOCVD 

metalorganic  chemical  vapor  depositon 

MQW 

multiple  quantum  well 

MWIR 

mid-wavelength  infrared 

PC 

photoconductive 

PV 

photovoltaic 

QCSE 

quantum  confined  Stark  effect 

QW 

quantum  well 

QWIP 

quantum  well  infrared  photodetector 

TC 

triple-coupled 

TC-QWIP 

triple-coupled  quantum  well  infrared  photodetector 

TCQW 

triple-coupled  quantum  well 

TMM 

transfer  matrix  method 

TSL 

tensile  strained-layer 

SI 

semi-insulating 
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